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E. TASKS II AND IV SUBSCALE INJECTOR CHARACTERIZATION
1. Introduction

The experimental subscale combustion investigation was designed to evaluate
the performance, heat transfer and stability characteristics of typical
hydrocarbon fuels such as propane and ethanol when used in conjunction with
l1iquid and gas-phase oxygen as the oxidizer. The propellant selections,
thrust level, operating pressures and mixture ratio, etc. were based on the
results of cooling comparison studies of Task I and the system studies of
Task III and Reference 1.

The nominal operating point (1000 1bF thrust at 300 psia chamber pressure)
was selected to provide data applicable to an OMS regeneratively-cooled
thrust chamber and a film-cooled RCS chamber. These data are believed to

provide meaningful scaling relationships for thrust levels of 500 to 10,000
1bF.

2. Objectives

The objectives of this experimental program were to generate a data base
which relates candidate design variables, such as injector type, acoustic
cavity configuration, chamber length, fuel film-cooling, etc., to operational
characteristics such as combustion efficiency, combustion stability, carbon
deposition, and chamber gas-side heat flux.

3. Results, Conclusions, and Recommendations

a. Performance and Stability

(1) A 42 element like-on-like injeétor pattern was fired with LOX/propane in
a heat-sink chamber and found to be low-performing (93%), as a result of both
poor atomization and poor mixing. The combustion was bomb-stable.

(2) A 40-element OF0 triplet injector was fired with both LOX/propane and
LOX/ethanol in both heat-sink and water-cooled calorimeter chambers. In the
calorimeter chamber it was tested with and without fuel film-cooling.
Performance was very high (99%) with LOX/propane, for which the unit was
designed, and slightly lower (97%) with LOX/ethanol due to non-optimum pro-
pellant momentum match. Combustion was stable with both propellant combin-
ations.

Hot-fire mixing efficiency (Ey) analysis of the EDM'd OFO triplet element
indicated that propane and ethanol have virtually identical E; values as a
function of the oxidizer-to-fuel momentum ratio. The Ey reaches its peak
(100%) at about a momentum ratio of 2.3, which is greater than the 1.1 value
for optimum momentum ratio determined from cold-flow data correlations. This
increase in optimum momentum ratio may be due to the high volatility of LOX.



E, Tasks II and IV Subscale Injector Characterization (cont.)

The optimum mixing of OF0 triplet LOX/HC elements requires higher momentum
ratio for hot-fire than is indicated by correlations developed by cold-flow

techniques.

(3) A 45-element preatomized platelet OFQ triplet injector was tested with
LOX/ethanol propellants. This design was able to provide 2% higher combus-
tion efficiency than the EDM'd design tested while providing lower heat flux
to the chamber wall. Combustion was stable in all tests.

(4) A 45-element preatomized platelet triplet injector was tested with GOX/
ethanol propellants and was found to be equally high in performance (99%).
The GOX/ethanol configuration was found to be less sensitive to mixture ratio
variations and was stable over a wide MR, Pc and propellant temperature oper-
ating range. A 2% reduction in performance was observed when the propellant
(fuel and oxidizer) temperature was reduced from +50°F to -130°F.

(5) The measured specific impulse values for the LOX propane as well as LOX
and GOX/ethanol tests are displayed in Figures 1 and 2.

b. Thermal Results

(1) The most significant heat transfer result, apart from the carbon deposi-
tion observed with propane and discussed later, is the high throat heat
fluxes observed with ethanol (Figure 3). Pipe-flow correlation coefficients
(Cg) inferred from these heat fluxes (Figure 4) are approximately 70 percent
higher than the accleration-induced coefficients typically observed with
storable propellants and with oxygen/hydrogen systems. These high throat
region correlation coefficients are of the same magnitude as those observed
previously with LOX/RP-1 on Contract NAS 3-21030, High-Density Fuel Combus-
tion and Cooling Investigation. Since these abnormal correlation coeffici-
ents occur only in the throat region, it is not clear if they are related to
cracking of specific hydrocarbon fuels and delayed burning of the decomposi-
tion products.

(2) Normal Cg profiles, with lower values in the throat region relative to
the barrel, were observed with the maximum propane heat fluxes, i.e., the
fluxes in the 2-5 sec period prior to the significant decrease caused by
carbon deposition. Ethanol correlation coefficients with the same EDM
injector exhibited an extreme mixture ratio sensitivity, with Cg increasing
with mixture ratio. 1In all cases Cg decreased from the barrel to the first
segment of the convergent section, but then increased to the abnormal throat
values noted above before decreasing in the nozzle. This throat spike is
illustrated in Figure 4 and compared with the expected dip due to acceler-
ation effects. For a mixture ratio of 1.8, approximately the value for opti-
mum performance, barrel Cg values were essentially the same as the propane
data.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

(3) Ethanol testing was also conducted with two platelet injectors. It was
apparent (Figure 5), from the low head-end heat flux measurements, that the
LOX platelet injector was providing significant amounts of oxidizer film-
cooling, presumably due to blowapart with the PAT 0-F-0 element. The addi-
tion of 8.7 percent fuel film-cooling increased heat fluxes throughout the
chamber and resulted in a throat Cg in good agreement with the EDM injector
value for the same mixture ratio; a higher fuel film-coolant flow resulted in
lower heat fluxes. GOX platelet injector Cg data are lower than the EDM
injector results in both the barrel and throat regions as shown in Figures 3
and 5.

(4) A comparison of throat correlation coefficients, based on the data of
Figure 3 and shifting equilibrium compositions and assuming a Lewis number of
unity, is shown in Figure 6 as a function of chamber pressure. The data
confirm the prediction that the boundary layer at the throat is not turbulent
under all test conditions. The GOX/ethanol data indicate a turbulent
boundary layer above 250 psia, and the propane data show the same above 300
psia. A comparison of barrel correlation coefficients is shown in Figure 7
also as a function of chamber pressure in order to look for blowapart
effects, The propane data exhibits a continuous decrease with Pc, and the
oxidizer film-cooling interaction with the LOX/ethanol platelet injector is
clearly evident.

c. Other Results

(1) Carbon deposition in the acoustic cavities with LOX/propane was exten-
sive to the point that acoustic damping capabilities could be lost. Film-

coolant injection from the forward end of the cavity reduced the amount of
carbon deposition within the cavities.

(2) With LOX/ethanol, carbon deposition on the chamber wall was non-
existent; with propane it was largely lost during start and shutdown trans-
ient. Engine restart was marked by a return to clean-wall heat flux condi-
tions, followed by a progressive decay as the deposition layer increased. As
a result, the thermal resistance of the deposition layer cannot be assumed

for design purposes to limit gas-side wall temperatures to less than clean-
wall values.

(3) Testing at higher pressures produced greater heat flux reductions; this
was not expected.

d. Recommendations

A number of significant deviations from the perceived data base for LOX/
hydrocarbon propellants have been uncovered in this test program; namely (1)
the requirement for higher oxidizer-to-fuel momentum ratios for optimum
performance under hot fire conditions than in cold-flow, (2) unexplainably
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E, Tasks II and IV Subscale Injector Characterization (cont.)

high throat heat fluxes with ethanol, (3) increased carbon deposition effects
at higher mass flux, (4) carbon buildup in acoustic resonator cavities and
(5) changes in injector hydraulics with time due to thermal effects within
the injector manifolding.

This program was not designed to cope with these deviations, only to identify
and quantify the effects; this was accomplished. Future work must be directed
towards first developing an understanding of the mechanisms which control
these events and second, the creation of the analytical tools and design pro-
cedures required for future LOX/hydrocarbon fuel development programs.

A follow-on data analysis effort which tests and correlates the data provided
in this data dump against existing and new theory is recommended as the next
logical event in improving the technology.

4. Summary of Hot Fire Testing

Seven different test series were conducted as part of the hot fire test pro-
gram. The major test variables were as follows:

° Two propellant combinations: oxygen/propane and oxygen/ethanol.

° Four injector designs: conventional drilled orifice like-on-like
and OF0Q triplet patterns, and unconventional platelet injectors with
preatomized triplet (PAT) patterns utilizing vortex and splash splate
elements.

° Two chamber types: 4 inch and 8 inch heat sink chambers, and a
water-cooled calorimeter chamber.

° Other test variables included: oxygen state, film-cooling percentage,
propellant temperature, chamber pressure, and mixture ratio.

Table I identifies the hardware combinations employed for each of the test
series.

LOX/propane Test Series I involved 18 hot-fire tests of a 42 element quadlet
(2 sets of like-on-l1ike doublets) injector in 4 inch and 8 inch long heat
sink chambers. The test durations of 0.5 to 1.5 sec covered chamber pres-
sures of 100 to 400 psia, mixture ratios of 2 to 4 and fuel inlet temper-
atures of 27 to 127°F.

Ignition on all tests was reliable and smooth. Stability evaluation bombs
produced chamber pressure overpressures of 100% which were damped in less

than .004 sec with the aid of axial resonator cavities. This injector was
found to be stable and compatible but low in performance having a C* effic-
iency of 85% in a 4 inch long chamber and 93% C* in an 8 inch long chamber.

11



TABLE I

SUMMARY OF TEST CONFIGURATIONS

Test
Series Injector Propellant Chamber Film Coolant Test Identification
1 EDM LOX-Propane 4 &8 in. L' No LPB6797-101 to 118
Like-On-Like Heat Sink
2 EDM LOX-Propane 8 in. L' No 119 to 132
0FO0 Heat Sink
3 EDM LOX-Propane 8 in. L' No 133 to 143
0OF0 Water Cooled
4 EDM LOX-Propane 8.7 in. L' Yes & No 144 to 152
OF0 Water Cooled
5 EDM LOX-Ethanol 8.7 in. L' Yes & No 153 to 160
- OF0 Water Cooled
N
6 Platelet LOX-Ethanol 8.7 in. L' Yes & No 161 to 169
PAT Water Cooled
7 EDM/ GOX-Ethanol 8.7 in. L' Yes & No 101 - 111
Platelet Ambient Temp Water Cooled 112 -
’ Cold - 130°F
| - J ) ] 2l ] A R RS R ] ) . ) ) ]



E, Tasks II and IV Subscale Injector Characterization (cont.)

In LOX/propane Test Series 1I, eleven short (0.5 to 1.2 sec) hot-fire heat
sink chamber tests were conducted with an unlike impinging element injector
with an electrical-discharge-machined (EDM) OFQ triplet injection pattern.
The engine was found to be stable at chamber pressures of 200 to 400 psia and
mixture ratios of 2 to 4 when bombed with 2 and 6.5 grain (gr) bombs at a
resonator cavity depth of 0.7 inches. The engine could be bombed into an
unstable condition when the cavity was eliminated. The C* performance and
thrust-based energy release efficiency (ERE) data ranged from 95 to 99% in an
8 inch long chamber. The unlike-element injector was 4.5% more efficient
than the like-on-like design at the nominal design point (97.5 vs 93.0) based
on test durations of 1 second.

In Test Series III, eleven additional long-duration tests were conducted with
the same injector and a water-cooled calorimeter chamber, A total of 600
seconds of burn time was achieved with a maximum single burn of 80 seconds.
Firing durations of 20 to 60 seconds were required before the full heat flux
reduction due to carbon deposition was realized. No major cumulative test-
to-test heat flux reductions due to carbon were observed; the shutdown and
startup transients removed most of the heat-resisting deposits. The highest
heat fluxes were recorded at the low mixture ratio conditions while the
highest carbon buildup rates were observed at the highest mixture ratios. The
increased carbon deposition at high mixture ratio is believed to be a unique
result of the OF0 injector element which produces a fuel-rich wall environ-
ment when the oxidizer/fuel momentum ratio is high. The performance results
(C* and ERE) from these longer duration tests were slightly higher (1.5% at
nominal design chamber pressure and mixture ratio) and more internally con-
sistent than those of the previous shorter tests. The 40 element OF0Q triplet
injector is rated at 99% ERE at all mixture ratios over 2.7 but performance
degrades very rapidly at mixture ratios less than 2.6. The nominal design
mixture ratio for propane is approximately 3.0.

Inspection of the hardware after testing indicated that the resonator cavi-
ties contained a significant amount of solid carbon, to the extent that they
could become detuned. This is not compatible with a low-maintenance, long
life, design approach.

In Test Series IV, a preatomized film-cooling injector which sprayed fuel
into the resonator cavity was added to the test setup. A separate film-
coolant valve and flow-measuring instrumentation was provided. The chamber
length was increased to 8.7 in. by the added hardware.

Nine Tong hot-firing tests were conducted. Performance and heat transfer
data were obtained at 0, 9, and 14% fuel (propane) film-cooling and at the
same wide range of mixture ratio and chamber pressure conditions as Series
III. Postfire inspection of the resonator showed the cavities to be con-
siderably cleaner than after the previous test series without film-cooling.
The total firing duration on this series was approximately 400 sec, and the

13



E, Tasks II and IV Subscale Injector Characterization (cont.)

longest single burn was 70 seconds. The fuel film-cooling did not appear to
affect the combustion stability although no bomb tests were conducted.
Significant reductions (approximately 50%) in both chamber and throat heat
fluxes were recorded with 15% fuel film-cooling. In the last 5 seconds of
each test the fuel film-cooling valve was closed and the rise in heat flux
was observed. The wall heat flux gradually returned to the value measured
without film-cooling in Series IV, indicating that any additional soot
deposited by the extra fuel was slowly removed by the hot gas.

In Test Series V, the same 40 element OFQ triplet injector, preatomized fuel
film-cooling injector, and water-cooled chamber that had been used for the
propane testing were tested with LOX/ethanol. Seven tests in total were
conducted. The test parameters included mixture ratio variations of 1.3 to
2.5, chamber pressures of 300 and 400 psia, and fuel film-cooling flows of 0,
8, and 14%. The duration of each test was 30 seconds. On each test, the
fuel film-cooling valve was closed for the last 5 seconds to provide data
without film-cooling. In contrast to the testing with propane which revealed
sooting of the combustion chamber, the tests with ethanol produced a clean
chamber and injector and a clear exhaust plume. The same resonator cavity
depth as in the propane testing was used with no incidence of combustion
instability. The throat heat flux for the ethanol was considerably higher
(20%) than the peak values for propane and 60% higher than steady-state
values when full propane-induced soot buildup was reached. The heat flux
with LOX/ethanol propellants showed no reduction with time. The effective-
ness of the ethanol film-cooling at the throat station was very small com-
pared to the significant heat flux reductions experienced with propane
film-cooling. It was reasoned that a portion of the loss of film-cooling
effectiveness with ethanol could be due to the non-optimum propellant injec-
tion momentum ratios; however, most of the loss in cooling is probably due to
the absence of the soot layer that develops when propane is added as film
coolant.

The performance of the OF0 injector with ethanol ranged from 92% ERE at low
mixture to approximately 100% at high mixture ratio. Performance results
were roughly 1.5% lTower at the nominal mixture ratio with ethanol as compared
to propane. With a 1.94 nozzle expansion, the test data at 300 psia, showed
a maximum Isp of 259 1bF-sec/1bM for propane at a mixture ratio of 2.6 and
238 1bF-sec/1bM for ethanol at a mixture ratio of 1.75.

Recent data (Ref. 2) indicated hydrocarbon propellants could produce higher
throat heat fluxes than predicted by normal analytical methods when the
chamber walls are clean. The present test series confirmed these findings.
The heat transfer correlating coefficient (Cg) profiles for propane and
ethanol combustion with and without film-cooling were found to be in reason-
able agreement with the higher-than-normal values of Reference 2 which were
employed in the Task III design feasibility studies for propane. However,
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E, Tasks II and IV Subscale Injector Characterization (cont.)

for ethanol, the OF0 triplet pattern must be augmented with approximately 15%
fuel film-cooling to reduce the head-end heat load to match the design
values.

In Test Series VI, the injector was replaced by a a photo-etched unit con-
taining 45 preatomized triplet (PAT) OFO element sets (two oxidizer splash-
plates on one central vortex fuel). Nine hot-fire tests were conducted with
LOX/ethanol. Test parameters included Pc variation (200 to 400 psia), mix-
ture ratio variation (1.24 to 2.45), and film-cooling flows of 0, 9, and 17%.
A1l tests were stable, using the same resonator cavities as employed in pre-
vious tests with the 8.7-in. water-cooled chamber. The head-end chamber wall
heat-flux for this injector design was considerably lower than that for the
EDM OF0 triplet, whereas the performance was approximately the same for both.
The EDM injector showed 1.6% higher specific impulse than the PAT without
film-cooling; with the introduction of fuel film-cooling the PAT injector
showed a 2% higher specific impulse than the EDM injector.

The net result is that the PAT platelet injector was found to provide higher

performance and lower chamber heat flux than the conventional EDM triplet
design.

The presence of PAT element "blowapart" was identified by the decrease in
specific impulse with increased chamber pressure. This occurs because as
chamber pressure increases, the combustion intensity increases at the inter-
face between the oxidizer and fuel streams which inhibits the mixing process.
Futher evidence of blowapart was obtained by very low (approximately zero)
head-end heat flux without fuel film-cooling. The increase of both perfor-
mance and head-end heat flux with the addition of small amounts of fuel
film-cooling proved that the core element propellant being directed towards
the chamber wall was oxygen. Of even further significance was the observed
lower throat region heat flux for the oxidizer-rich wall condition,

In Test Series VII, the liquid oxygen (LOX) was replaced by gaseous oxygen
(GOX) which represented the selected RCS engine propellant state. Another
PAT element injector was tested. This design utilized the same vortex fuel
element as Series VI and an EDM oxidizer element similar to the OFQ triplet,
enlarged to accommodate gas-phase oxidizer,

Eleven tests each up to 20 seconds in duration, were conducted with nominal
50 + 20°F propellants; two additional tests were conducted with -130 +15°F
propellants. As before, tests provided performance, thermal, and stability
data with 10 to 15% fiim-cooling at the start of each test and no film-
cooling for the final 5 seconds of each test.

The injector was found to be stable at all test conditions: chamber pressure

ranged from 95 to 400 psia, and mixture ratio from 1.3 to 2.7. The gas/
1iquid PAT element did not exhibit the blowapart characteristics of the
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E, Tasks II and IV Subscale Injector Characterization (cont.)

liquid/liquid element. Isp improved with increasing pressure and degraded
with the addition of fuel film-cooling. The maximum GOX/ethanol performance
was slightly higher than LOX/ethanol data of Series VI (245 versus 242
1bF-sec/1bM). Cold propellants resulted in a reduction of 2% in energy
release efficiency, i.e., 97% versus 99%.

5. Test Series Description

The details of each of the seven test series are presented chronologically in
the following sections. The format used for each series is as follows: the
test objectives are stated, the test facility is described, followed by the
design details of the test hardware. Checkout or cold flow tests of injec-
tors are documented by pressure drop and photographic data. A narrative of
the tests and/or tabular data defining the test conditions for each series is
provided, followed by presentation of the test results. The results include
specific impulse, C*, and heat flux profiles versus time. Data analyses and
comparisons of test results are provided in Sections 6 and 7. This includes
calculation of combustion efficiencies, loss analyses, and comparison of
experimental-to-predicted heat flux ratios (Cg profiles), etc.

a. Test Series I - LOX/Propane, LOL-EDM Injector, Heat Sink Chamber
(1) Objective

Previous experimental history has shown that matched pairs of like-on-1ike
impinging (LOL) doublet elements (also known as quadliets) provide good com-
bustion stability, low chamber wall heat flux, and modestly good combustion
efficiency. The existing data base was confined mainly to the LOX/RP-1 pro-
pellant combination and N204/MMH propellants utilized on the Space

Shuttle OMS engines. The first phase of this program was to extend this data
base to include propane fuel.

The sensitivity of performance and stability to operating pressure (100-400
psia), fuel temperature (34 to 127°F), mixture ratio (2 to 4), and chamber
length (4 inches and 8 inches), were to be experimentally evaluated using a

42 element LOL doublet pattern.
(2) Test Facility

The subscale hot fire testing was conducted in Bay 6 of the ALRC Research
Physics Laboratory. The setup consisted of the fuel and oxidizer feed
systems, a thrust stand, the test hardware, the igniter and its feed system,

and instrumentation.

(a) Propellant Feed System

A schematic of the propellant feed system is shown in Figure 8., The propel-
lants were supplied to the engine from gaseous helium-pressurized tankage.

The fuel system contained a jacketed portion of the feed line which provided
temperature conditioning capability.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

The GO2/GH2 igniter was fed from high pressure ‘K' bottles. Sonic ven-
turis were used to control and measure the flowrates. A GLA power supply
provided the required energy for ignition,

(b) Thrust Stand

The engine was mounted on a thrust measurement stand to permit performance
evaluation. The thrust stand is of the compression leaf flexure design and
permits accurate measurements over a range of 500 to 5000 1bF.

(c) Instrumentation

The feed system and test hardware were instrumented, as shown in Figures 8
and 9, to measure the performance, stability and thermal parameters. The
measured parameter nomenclature, instrument type, and accuracy are listed in
Table II. The measured parameters were recorded on both a digital data
acquisition system and on an analog oscillograph.

(3) Test Hardware

The hardware tested is shown schematically in Figure 10 and pictorially in
Figure 11. It consisted of the injector, chamber segments containing acous-
tic cavity resonator with blocks to allow depth (tune) adjustment, L' sec-
tions, a nozzle and igniter.

The injector design was a 7 concentric ring manifold configuration which
contained 42 EDM LOL elements. Each oxidizer orifice was .033 in. and each
fuel orifice size was .023 inch. Details of the element impingement are
shown in Figure 12. Fabrication drawings and a photograph of the face are
shown in Figures 13 and 14.

Ignition of the LOX/propane propellant combination was accomplished with a
chamber-mounted GH/GO2 spark igniter which could be turned off following
engine ignition,

The L' sections provided instrumentation ports for both high and low fre-
quency transducers and brazed in place gas-side thermocouples spaced axially
at two circumferential locations. The copper nozzle contained additional
circumferential thermocouples at the throat plane.

The L' and nozzle sections were clamped between injector and aft retainer
ring with six 3/8-in. dia x 24-in. length studs and were sealed with teflon
'0' rings. Four threaded holes were provided in the aft ring for attachment
of a leak-check fixture.

(4) Cold-Flow Testing

Tests of the injector were conducted to verify the pressure drop and impinge-
ment pattern. Photographs of the spray are shown in Figure 15,
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TABLE II
COMBUSTION TESTING INSTRUMENTATION LIST

- TRANSDUCER ACCURACY RECORDING DEVICE MALFUNCTION
PARAMETER SYMBOL TYPE RANGE + % READING TAPE VISUAL GRAPH DISC DETECTION
Oxidizer Tank Pressure POT Strain Gauge 0-1000 psi .25 X X
Oxidizer Flowmeter Pressure POFM “ " 0-1000 psi .25 X X
Oxidizer Injection Pressure POJ " " 0-1000 psi .25 X X
Oxidizer Flowmeter Temperature TOFM Thermocouple -200-(-)300°F 5 X X X
-Oxidizer Injection Temperature T0J " " " .5 X X
Oxidizer Flowrate Wo-1 Turbine 0-4#/sec .5 X X
Oxidizer Flowrate W0-2 " 0-4#/sec .5 . X
Fuel Tank Pressure PFT Strain Gauge 0-1000 psi .25 X X
Fuel Flowmeter Pressure PFFM " " 0-1000 psi .25 X X
Fuel Injection Pressure PFJ " " 0-1000 psi .25 X X
Fuel Flowmeter Temperature TFFM Thermocouple -44-170°F .5 X X X
Fuel Injection Temperature T0) " , "o .5 X X
Fuel Flowrate WF-1 Turbine 0-1.5#/sec .5 X X
Fuel Flowrate WF-2 “ 0-1.5#/sec .5 X
Chamber Plr‘essure~ :E-; thru Strain Gauge 0-500 psi .25 X X <80% Pc
High Frequency Pc K-1 thru K4 | Piezioelectric 50 p-p psi 5.0 X >15% Pc P-P
Thrust FA Strain Gauge 0-2000 1bF 0.25 X X X
Thrust FB " " 0-2000 1bF 0.25 X
Thrust Cal FCALA " " 0-2000 1bF 0.25 X X
Thrust Cal FCALB " " 0-2000 1bF 0.25 X
Chamber Wall Temperature TC1 - TC 24 Thermocouple 0-1500°F 0.5 X X >1000°F
TCV Linear Trace LTTCY Potentiometer 0-100% 1.0 X X
TCY Signal VITCY Yoltage --- -—- X X X
Igniter Valve Signal VTIGN . - —— X X X
Igniter Chamber Pressure PIGN Strain Gauge 0-500 psi .25 X X <200 psi
Igniter Oxidizer Pressure POIGN " " 0-1000 psi .25 X X
Igniter Fuel Pressure PFIGN oo 0-1000 psi .25 X X
T B _l | o B! o ] A o
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PARAMETERS

CR

Injector Diameter (in.)
Cavity Width (in.)

Dc (Tn.)

Dt (in.)

No. LOL Pairs, o
No. LOL Pairs, f
do (in.)
de (in.)
Nominal Condition:
Pc (psia)
MR
T (°F)
T. (°F)
C* (ft/sec)
W_ (1bm/sec)
(1bm/sec)

*—h O

W
A 0, face (psi)
APf, face (psi)

O -h O

4.0

3.20
0.10
3.40
1.70
0.75
0.75

42
43
0.033
0.023

300
3.0
-297
70
5870
2.85
0.95
87.0
90.7

Figure 12. Injector
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Like-On-Like EDM Injector Pretest
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OXIDIZER CIRCUIT

FUEL CIRCUIT

"OXIDIZER AND FUEL CIRCUIT

Figure 15. Spray Patterns for Fuel, Oxidizer, and Oxidizer and Fuel
Circuits
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E, Tasks II and IV Subscale Injector Characterization (cont.)

(5) Hot-Fire Testing

Tables III, IV, and V summarize the test conditions and results. In Tests
101 through 110, variations included chamber length (4 and 8 inch), mixture
ratio (2 to 4), and fuel temperature (70 to 127°F). In Tests 111 to 118,
chamber pressure was added as a test variable and cold fuel (30°F) tests were
conducted. Although no metal removal was noted, the injector face appears to
have been hot as shown in Figure 16.

Ignition on all tests was reliable and smooth. Stability verification bombs
caused chamber pressure increases of over 100%, which were all damped in less
than 4 msec. Testing was terminated with this injector following Test 118
because the combustion efficiency was much Tower than expected. The C* and
thrust-based energy efficiency was near 85% for the 4-in. long chamber and
near 93% for the 8-in. L' chamber. The low efficiency was attributed to both
poor atomization and poor mixing. Analysis of the test results are presented
in subsequent Sections. The data correlation indicated a 4% deficiency in
performance caused by incomplete propellant vaporization and an additional
loss of up to 4% due to poor mixing

(Em = 0.7) as shown in Figure 17,

b. Test Series Il - LOX/Propane OF0 EDM Orifice Triplet Injector,
Heat Sink Chamber

(1) Objectives

The objective of this series was to determine if an unlike-element (OFO
triplet) injector would provide improved performance, and if injector face
cooling and combustion stability would present operational limitations.
Comparison of the chamber wall heating rates would also be made.

(2) Test Facility

Minor changes in the test facility were made to accommodate a through-the-
injector face igniter port and to reposition the valves for the new injec-
tor.

(3) Test Hardware Design
Testing was conducted in the same 8-in. L' heat sink copper chamber.
Instrumentation included three Kistler transducers, twenty thermocouples, two

chamber pressure measurement ports, and a bomb port. A new injector design
was prepared in order to improve the combustion efficiency.
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TABLE III

TASK 11 INJECTOR TESTING SUMMARY OF TEST CONDITIONS (L' & MR VARIATION)

Hardware Description

Test Conditions

Data Pt. Time Resonator Depth LT Pc {Face) Fuel Temp Test Dur-
Test Number Date Summary - Sec Injector in. in. psia MR °F Bomb | ation-sec Test Objectives
LPB6-797-101 | 5/27/80 - EDM LOL .7 4 - - - - - Igniter-sequence checkout
102 .3-.63 269 2.03 70 No .5 Main stage ignition charac-
teristic
103 281 2.76 72 No .5 Balance and performance
104 | 5/28/80 8 29N 2.72 72 Yes .5 Improve performance -
increase L' - check
stability
105 | 5/29/80 290 2.79 69 Yes .5 Improve high frequency
measurement technique -
transducers saturating on
4 start
106 | 5/30/80 .3-.59 301 2.83 72 No .5 Increase duration - perform-
ance (bad Tc caused prema-
ture shutdown)
107 .3-.63 307 3.05 72 No 1 Rpt. 106
.63-1.13 305 3.17 72
108 +3-.63 297 2.38 73 Yes 1 Low MR - performance/
stability
.63-1.13 294 2.48 73
109 .3-.63 308 3.59 72 Yes 1 High MR - performance/
stability
.63-1.13 305 3.74 72
110 . +3-.63 304 2.93 126 Yes 1 Increase fuel temperature -
performance/stability
| .63-1.13 Y Y 4 300 3.10 127
L 1 . i ) 2 N 2 d U | 1 ) 2 .



TABLE IV

INJECTOR TEST SUMMARY
(L', Chamber Pressure, and Mixture Ratio Variation)

62

Hardware Description Test Conditions
Test
Resonator Depth | L' Pc (Face) Fuel Temp Duration- Test
Test Number Date Injector in. in. psia MR °F Bomb Sec Objectives
111 6-18-80 EDM .7 8 398 2.9 73 Yes 1.0 Pc Influence
LOL
112 _ 399 3.0 27 Yes 1.0 Pc Influence
Temperature
Influence
113 199 2.9 77 Yes 1.0 Pc Influence
114 + Y 148 4.0 77 No 1.0 Pc Influence
115 6-19-80 4 193 2.9 58 No 1.0 Pc Influence
- Chug Limit -
116 144 3.14 61 No 1.0 "
117 129 2.5 34 No 1.5 "
118 Y Y Y ' 99 2.9 37 No 1.5 "
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TABLE V

EDM LOL INJECTOR TEST RESULTS

Test Conditions

Calculated Data

Data Pt W W F .
Swpmary l:' [+} F Pc I:'req S.L. Fue]c> Duration Kn KN C* % Isp | ERE
Test Number Date Time in. | 1b/sec| 1b/sec MR psia k 1b | Temp °F sec* ox o ODE | Corr.| sec | _%
LPB6-717-102 .3-.63 4.0 - - - - -
103 5/27/80 .3-.63 4.0 | 2.907 1.051 2.765 280.5 .9828 72°F .5 .259 .129 1 5940 85.5 223 | 85.7
104 5/28/80 .3-.63 8.0 | 2.772 1.018 2.721 291.3 .9862 72 .5 .257 .1291 5950 92.9 242 | 92.9
105 5/29/80 .3-63 8.0 { 2.783 .9936 2.792 290.1 .9862 69°F .5 .255 .123 | 5934 92.9 242 | 93.1
106 5/30/80 .3-.57 8.0 | 2.940 .103 2.830 301.1 . 9862 72 .5 .257 .150 | 5934 91.81 239 | 92.1
107 5/30/80 .3-.63 8.0 | 3.057 .1001 3.055 307.0 .9862 72 1.0 .256 .129 | 5858 72.81 239 1 93.1
5/30/80 .63-1.13 8.0 | 3.075 .9684 3.175 304.8 .9862 72 1.0 .255 .126 | 5821 93.18 239 | 93.6
108 5/30/80 .3-.63 8.0 | 2.698 1.134 2.38 297.0 . 9856 73 1.0 .253 .128 | 6002 92.71 244 ' 93.2
5/30/80 .63-1.13 8.0 | 2.728 .1100 2.781 293.9 . 9856 73 1.0 .252 125} 5117 92.0 242 ' 92.3
109 5/30/80 .2-.65 8.0 | 3.215 .8947 3.592 307.6 .9862 72 1.0 .253 L1251 5692 94.7 236 | 94.5
109 5/30/82 .63-1.13 8.0 | 3.237 .8649 3.743 305.3 .9862 72 1.0 .254 .126 | 5818 94.7 235 | 94.8
110 5/30/80 .3-.63 8.0 | 2.981 .1016 2.935 504.0 . 9862 126 1.0 .255 .130 | 5843 92.9 240 | 92.9
5/30/80 .63-1.13 8.0 | 2.999 .7673 3.269 300.2 .9862 127 1.0 .252 .123 ] 5843 93.0 239 | 94.2
* = Bomb
D.r = 1.700 in.
Exp Ratio 1.98
Desonator depth 0.7 in.
- ) S 0 IR . ] 2l B B } 2]
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Injector #1 LOL Pattern After Test
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E, Tasks II and IV Subscale Injector Characterization (cont.)

(a) Injector

In order to improve the injector performance, using the existing 7-ring mani-
fold, a 3-row, 40-element OF0 triplet pattern was designed as shown in Figure
18. The adoption of the triplet pattern was based on both anticipated high
performance and on mixture ratio-independent resultant stream direction.
Equal fuel and oxidizer injector orifice diameter was specified for good
jet-stream match-up. During fabrication of this injector, a weld failure was
- discovered during an intermanifold leak check procedure. Leakage was obser-
ved between adjacent ring channels at the center and at the periphery of the
injector. As a result, this second injector assembly was scrapped and
eliminated from the program.

A decision was made to redesign the manifold as well as the injector in order
to simplify fabrication and allow for future testing of gas propellants in a
water cooled chamber. The design criteria were: (1) either circuit of the
manifold be suitable for GCH4; (2) an igniter port be provided at the cen-
ter of the injector; and (3) the injector pattern be an 0-F-0 triplet. As a
result, a 5 concentric ring channel manifold was designed. Figures 19 and 20
document the detailed drawings and photographs of the manifold design. The
design highlights are listed as follows:

(a) Concentric Ring - 5 Channels
Nominal channel width = ,180 in.

Nominal land width .100 in.
Nominal depth to accommodate desired channel cross velocity.

(b) Center-Mounted Igniter Port

0.2 inch diameter
Compatible with existing Hp/0p torch igniter

o

(c) Provision for face pattern rework

(d) Plenums and downcomers sized for gaseous methane at a nominal Pc of
800 psia (both circuits)

A 2-row, 40-element OF0 triplet injector face pattern was designed to match
this manifold; the pattern layout and photograph view of the injector are
provided in Figure 21. The injector configuration was as follows:

Oxidizer Orifice Dia. = 0,033 in.
Fuel Orifice Dia. = 0,033 in.
Number of Elements = 40

Spacing (2 Rows) 30 outside row, 10 inside row
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OF0 Triplet Pattern Layout for 7-Ring Injector
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Impingement Half Angle = 30°
Impingement Height = 0,35 in.
Oxidizer Orifice L/D = 7,0

Fuel Orifice L/D = 6.1
Oxidizer Free Jet L/D = 12.3
Fuel Free Jet L/D = 10.6

The selection of the above injector design resulted from the analyses
presented below.

1. Nominal Injector/Chamber Operating Condition

The following operating condition was assumed for both the injector hydraulic
analysis and the combustion performance analysis:

Propellants = LOX/Propane
Pc = 300 psia
MR = 3.0 (LOX/C3Hg)
WT = 3.8 1bM/sec
To = «-297°F

(0g = 72 1bM/ft3)
Tf = 7J0°F

(0f = 31 1bM/ft3)

A sketch of the combustion chamber internal geometry is provided in Figure
22,

2. Selection of Injector Orifice Size and Pressure Drop

Based on the Elverum-Morey triplet element correlation (Ref. 3), as discussed
in Reference 4, the propane orifice pressure drop required for the operation
at a nominal 0/F of 3.0 is almost twice as large as the oxidizer injector
pressure drop if the mixing efficiency is to be at its predicted optimum
value. These large differences in pressure drops are not only undesirable
from the viewpoint of the system pressure schedule, but also result in a
severe fuel vaporization inefficiency. Moreover, the mismatch of oxidizer
and fuel jet diameters will result in poor propellant mixing. As a result,
a design having equal injector orifice size was selected. The derivation of
the optimum mixing equations based on continuity, orifice pressure drop con-
siderations, and the data from References 3 and 4 is shown on Figure 23 along
with the plotted results. Both the anticipated element Ey (based on the
cold-flow mixing data of Ref. 4) and the injector pressure drop ratio as a
function of the propellant mixture ratio are shown in Figure 24. The values
of En are above 0.8 over the expected operating mixture ratio range and the
injector pressure drops of the oxidizer and fuel circuits become nearly equal
at the nominal mixture ratio value of 3.0.
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A. Centerline Momentum Ratio
2
e\ Vg df
B. Continuity - Mixture Ratio
2
MR - = 2(31) Yo Po
C. Orifice Hydraulics
1/2

V = (2 AP/p )

D. Pressure Drop Ratio (A, B, C)
oL (m) o (4
APO g Po d0
E. Optimum Mixing (Refs. 4 & 5)
g 4\ /2
b’ = 1.11 0
op d.
£/
F. Pressure Drop Ratio at Optimum Mixing (D, E)
2 3
e (m)" o (k)
APo 1.1 Po do

Figure 23. Injector Orifice Size and Pressure Drop Requirement for
Optimum OFQ Triplet Mixing (1 of 2)
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Pressure Drop Ratio vs Hole Diameter Ratio at Optimum Mixing (A,C,E)
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7?¥§dfé“23. Injector Orifice Size and Pressure Drop Requiremént for
Optimum OFO Triplet Mixing (2 of 2)
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Centerline Momentum Ratio
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P d
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Continuity - Mixture Ratio

2
MR=2(SQ> Yo o
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Centerline Momentum Ratio vs Mixture Ratio and Hole Diameter Ratio (A,B)

e 2 ()
g =12 £ 0w I

Orifice Hydraulics

v o= (2 ap/p)V/2

Injector Pressure Drop Ratio (B, D)

: 4
APo Pf ﬁE?‘ df
Em vs & Relationship (Ref. 4)
too
8o
i \
P \
\-m/n2 - 0.875 <
L 0)/D; = 1.0 l
4o ’
0.1 1.0 10.0

Figure 24, Analysis of Selection of Equal Injector Hole Size and

Pressure Drop (1 of 2)
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G. Maximum E_ vs do/df Relationship (Ref. 4)
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Figure 24. Analysis of Selection of Equal Injector Hole Size and
Pressure Drop (2 of 2)
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E, Tasks II and IV Subscale Injector Characterization (cont.)

3. Combustion Performance Prediction

The analysis of combustion performance for the LOX/C3Hg propellants

consisted of two tasks; namely, characterization of droplet vaporization and
vapor mixing. The vaporization analysis was made utilizing the Priem-
Heidmann vaporization model. Using this model propellant vaporization was
correlated to a generalized chamber length, Lggy, which accounted for pro-
pellant properties, injector geometry, operating conditions, and chamber geo-
metry. The mass median propellant drop size resulting from the injection
process is a critical parameter in defining vaporization performance. The
mixing effect on performance was accounted for by an analysis which assumes
the entire reactive flow field is divided into two stream tubes. The two
stream tubes have mixture ratios defined by the nominal vapor mixture ratio
multiplied or divided by the Ep value. Figure 25 summarizes the perfor-
mance calculation, including the predicted vaporization and C* efficiency,
based on the Ey values shown on Figure 24. Propellant mass median drop

sizes were calculated using three different approaches which resulted in
three different predicted vaporization efficiencies. The first two
approaches (Priem correlation and ALRC analytical model) have been used
extensively at ALRC in the past with satisfactory results and good agreement
with each other. However, in the present case, the latter predicts drop
sizes about three times as large as the former does. For the EDM LOL injec-
tor, the drop sizes calculated using the ALRC analytical model were multipled
by a factor of 1.4 in order to correlate with the hot-fire data. This modi-
fication (the third approach) yields drop sizes about four times as large as
the Priem correlation. However, the unusually large apparent drop size
implied by the poor vaporization efficiency in the EDM LOL injector is
believed to be partially caused by poor mixing. Since the present triplet
injector was expected to have better mixing efficiency, the apparent hot fire
drop size was expected to be bounded by the Priem and ALRC correlations. The
C* efficiencies predicted by these three different drop size approaches are
all insensitive to the mixture ratio, and are approximately equal to 99.5%,
99% and 97%, respectively.

(4) Injector Cold Flow Data

The injector was cold-flow tested using water to determine its hydraulic
characteristics under atmospheric conditions. Figure 26 documents the
injector flow coefficient (Kw) and orifice Cp values at various injector
pressure drops and also includes the photographs of the injector pattern
check. The cold-flow Cp's are smaller than the assumed value of 0.8, This
is because the high cold-flow injector pressure drops cause cavitation at the
vena contracta. This subject will be further discussed in the following
hot-fire data analysis.
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Oxidizer Fuel
Propellant Properties

" Propellant | LOZ‘ C.H

3tg

T of ~297 70

0 1bm/ £t3 72 3]

" Tbm/ ft-sec 0.000135 0.00006
o 1bf/ft - 0.0009 0.00069
T, R 278 665

AHv Btu/1bm 91.6 183

MW 32 44

Chamber Geometry

Dc in | . 3.40
CR 4.0
Dt in 1.70
LN in 2.55%
BN . deg _ 30
L' in 8.0
wcav in | 0.1
Leay 10 0.7

Nominal QOperating Condition

Pc psia 300

MR 3.0

C*de1, assumed 98% C* 5765
, > C*opE |

NT 1bm/sec 3.80

Figure 25. LOX/Propane Performance Prediction of Injector #3
(1 of 3)
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Injector Element Configuration

d in

No. Holes

FFC %

Gy

W 1bm/sec
AP psi

8 deg

H. in

1

Atomization

o deg

Aatom mn

o in
Priem
ALRC (Ito)

Mod ALRC (x 1.4)

Vaporization & C* Efficiency

Attached Figures

Oxidizer

0.033
80

0.8
2.85
82
30
0.35

35
0.34

0.349 x 1073

0.878 x 1073

1.229 x 1073

Fuel

0.033
40

0.8
0.95
87

0.35

28
0.42

0.330 x 1073

0.962 x 1073

1.347 x 1073

Figure 25. LOX/Propane Performance Prediction of Injector #3

(2 of 3)
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E, Tasks II and IV Subscale Injector Characterization (cont.)

(5) Checkout and Hot Fire Test Events

The initial series of tests involved igniter cold flow, igniter hot-fire
checkout, main valve response times, injector cold-flow fill time evaluation,
and valve sequence and ignition characterization., These were followed by a
series of eleven hot-fire tests in which MR, Pc, bomb size, and resonator
cavity blocks were systematically varied. The range of test conditions is
summarized below.

Min. Max.
MR 2 4
Pc (psia) 200 400
Cavity Depth (in.) 0 0.7
Bomb Size (gr) 2 6.5

The resonator cavity depth was changed from 0.7 in. to 0.0 in. after Test
128. A detailed description of the individual tests and their results
follows. The test conditions and results are summarized in Tables VI and
VII.

Test 001 was an igniter cold-flow test to determine the igniter chamber pres-

sure under a no-light condition. Both igniter valves open together; however,
the fuel valve closing was delayed by 0.03 sec to prevent an oxidizer-rich
shutdown. In addition, a small GN» purge flow was introduced through a
0.03-in. diameter orifice in the oxidizer circuit when the oxidizer valve
closed. This was to prevent backflow of the hot main chamber combustion
gases into the igniter cavity in the event of an instability. The peak pro-
pellant cold-flow pressure recorded was 120 psia. The cold-flow pressure of
the GNo following valve closure was 60 psia. The purge flow was reduced on
subsequent tests.,

Test 002 was a repeat cold-flow test to check out the non-ignition shutdown
logic.

Test 003 was a 0.3-sec duration igniter hot test at MR = 1.5, The hot-fire
igniter pressure was 187 psia. :

Tests 004 and 005 were fuel valve functional and manifold fill-rate tests.
The fuel and oxidizer manifold purges were set to check valve off at 200
psia. The rapid manifold fill resulted in the overpressure shown in Figure
27. This condition was considered acceptable.

Tests 006 and 007 were oxidizer valve response and manifold fill tests. A
similar manifold overpressure on fill was noted on Poj, as shown in Figure
27. The desired 0.010-sec oxidizer lead was verified by the results of Tests
004 through 007.
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TABLE VI
OF0 TRIPLET INJECTOR (INJECTOR #3) STABILITY DATA SUMMARY OF
TEST SERIES #11 - HEAT SINK CHAMBER, NO FFC, LOX/PROPANE
Spontaneous Effects Bomb Effects
Max Amp. ) Paj Chamber Over | Amp at Recovery
Test No.| Date Duration Resonator | Tgj Tej Pc-1 MR S.S. Freq. Dur. | Status Size Spike/Amp Pressure CPIA Time Freg. Time Status Mode
sec (in.) | (°F) | (°F) | (psia) (psi p-p) | (H2) (ms) (Grain) | (psi) (psi)  [(psip-p} [ (H2) | (ms)

122 £/26/81 0.5 1280.7 -273* 83 299 2.108 24 Random 17 Stable None - - Normal - - -

123 . 0.75 -280* 82 304 2.563 24 " 14 Stable None - - " - - -

124 8/27/81 0.75 -232 78 305 2.909 10 " 560 Stable 2.5 58 100 " - S Stable

125 . -202 84 201 3.013 9 B 25 | stable 2.5 56 93 " - 9 Stable

126 " -239 83 406 3.123 17 " 540 | Stable 6.5 81 90 " N 8 Stable

127 N 1.2 -256 84 305 3.133 10 " 1010 Stable None - - " - - -

128 u 0.75 -234 34 302 4.089 11 20,580 550 Stable 6.5 81 211 " - - Stable

129 8/28/81 0.5 None -287* 91 308 2.768 10 Random 260 Stable " 72 213 270 7,981 1150 Unstable 1-T

130 . -296* 95 - Random - Stable None - - - - - - -
|
o131 " -294* 91 199 3.821 - 590 26 Stable 6.5 73 112 13 572 80 Stable Chug
Lo132 " 299+ 91 200 2,307 - Randon - Stable " 66 109 4 494 40 Stable Chug
|
i 125
| Chamber L' = 8 *T,; Based on TOFM S§ = Steady State CPIA Amp. = at Time = (ms)
i J
|

req
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OFO TRIPLET PERFORMANCE DATA SUMMARY

TABLE VII

Test No. Date Toj Tfj Pc-1 | MR Test Dur. wo we PN? C*pe.p | C*corr JC*0DE | % C* Poj | Pej [Fa (Vac) | Isp (Vac) | uPoy |aPfj “Isp BasedEﬁn “Isp
(°F) (°F) | (psia) (sec) (psia) (osi) [(pst)| 2
122 8/26/81 | -273 83 299 | 2.108 0.49 | 2.531 | 1.201 | 800 | 5824.2 5743 | 5955 | 96.4% | 393 | 435 | 9as 753.32 o 136 1 93.79 o768
123 " -280 82 304 2.563 0.79 2.767 1.079 " 5744.6 5664 5985 94.64 410 415 962 249.9 106 111 1 91.76 95.45
124 8/27/81 -232 78 305 2.909 0.79 2.837 0.975 500 5823.6 5742 5900 97.32 419 396 967 253.4 114 91 | 94.45 98.14
125 . -202 84 201 3.013 0.80 1.922 0.638 350 §711.5 5632 5844 96.37 250 241 636 248.5 49 a0 | 93.32 g7.11
126 " -239 83 406 | 3.123 0.79 |[3.789 | 1.213 | 550 | 5905.1 s822 | 5840 | 99.69 | 613 [ 544 | 1279 255.1 207 | 138 | 95.65 99.29
127 " -256 84 305 |3.133 1.25 [ 2.910 | 0.929 | 500 | 5771.7 5691 | 5838 | 97.48 | 419 | 387 | g 250.9 114 g2 | 94.39 98.02
128 . 234 | & 302 | 4.089 0.80 | 3.204 | 0.784 . §506.9 5430 | 5521 | 98.35 | 448 | 360 | os6 239.4 146 58 | 94.62 98.19
19 8/28/81 | -287* | 91 308 | 2.768 0.49 | 2.823 | 1.020 | 800 | 5819 5738 | 5940 | 96.60 | 417 | 405 | g73 253.13 109 97 | 93.58 97.29
JEN . -296* 95 NO DATA
131 " -294* | 91 199 | 3.821 0.50 2.140 | 0.560 " 5639 5294 | s581 | 9a.86 | 259 | 228 631 233.6 60 29 | 91.55 95.19
132 b -299* 91 200 2.307 0.52 1.813 0.786 " 5582 5504 5987 91.93 240 263 629 242.11 40 63 | 83.09 92.90
*Oxidizer temperature in manifold assumed equal to temp at ox flow meter
1) ) S IS 0 EERS DR I R I . J )
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Test 119 was the first scheduled hot-fire test. This test, as well as Tests
120 and 121, were terminated by a low igniter chamber pressure kill, The
main valves did not receive a signal to open even though the igniter had
performed satisfactorily on each test. The problem was due to filtration of
the electrical signal which delayed the pressure (Pojl) rise rate seen by the
computer. Following the correction of the kill logic, successful chamber
ignition was attained on all eleven hot-fire tests.

Test 122 was the first hot-fire test to verify the start and shutdown
sequence and balance the engine for proper MR and Pc. The test MR, duration,
and pressure are defined in Table VI. The nominal operating point for this
design is MR = 3.0, Pc = 300 psia. A Pc of 299 psia and a MR of 2.1 was
attained in the first 0.5-sec test. No stability problems were noted; how-
ever, the increased magnitude and nature of the manifold water hammer indi-
cated by Poj (the oxidizer manifold pressure) were of some concern. Review
of the high frequency pressure measurements including Koj (the Kistler trans-
ducers) in the oxidizer manifold indicated no evidence of overpressures., It
was concluded that the overpressure was confined to the oxidizer line/
transducer diaphragm flow dynamics and was not a significant event for this
test series. Figure 28 shows the full engine start transient.

On Test 123, the duration was increased to 0.75 sec from 0.5 sec in the pre-
vious test, and the set pressures were adjusted to increase mixture ratio.
The actual MR was 2.5, and the Pc was 304. No instabilities or heat marks
were observed.

On Test 124, a 2-gr bomb was installed and set to go off shortly before the
end of the 0.75-sec test. Approximately 0.1 sec of data was attained after
the bomb. The engine recovered rapidly from the bomb overpressure at MR =
2.9 and Pc = 305 psia.

Test 125 was a low pressure test with a 2-gr bomb. The injector manifold
purge pressures were reduced to 100 psia, and the igniter purge supply pres-
sure was reduced to 350 psia, compared to 500 psia used in previous tests.
Recovery of the engine from the bomb was rapid (CPIA stable) at a MR of 3.0
and Pc of 201 psia.

Test 126 was a high-pressure test with a 6.5-gr bomb. The engine recovered
rapidly from the larger bomb at a MR of 3.1 and Pc of 406 psia.

Test 127 was a repeat of Test 124 for a longer duration (1.20 sec) without a
bomb. The objective was to determine if the relatively large bomb cross sec-
tion in the chamber altered the mixing rates and thus influenced the perfor-
mance. The C* efficiency on these two tests was 98.6 and 98.7%, respectiv-
ely; i.e., the bomb had no measurable influence on performance.
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Test 126 was a high-pressure test with a 6.5-gr
bomb. The engine recovered rapidly from the larger bomb at a MR of 3.1 and
Pc of 406 psia.

Test 127 was a repeat of Test 124 for a longer
duration (1.20 sec) without a bomb. The objective was to determine if the
relatively large bomb cross section in the chamber altered the mixing rates
and thus influenced the performance. The C* efficiency on these two tests
was 98.6 and 98.7%, respectively; i.e., the bomb had no measurable influence

on performance.

Test 128 returned the duration to 0.75 sec and
utilized a 6.5-gr bomb at high mixture ratio. The engine recovered rapidly
from the bomb at a MR of 4.08 and a Pc of 302 psia.

For Tests 129 through 132, resonator cavities were

filled with copper blocks prior to testing to determine if cavities were
required for stable operation. The engine was stable at a MR of 2.73 and 308
psia until the bomb went off near the end of the test. The 6.5-gr bomb set

off a 1-T instability mode, and the engine did not recover, thus
demonstrating the need for the cavities.

Test 130 was a low Pc, low MR test with a 6.5-gr
bomb. The test was terminated early in the burn due to a low Pc cutoff kill
which was similar to that of Tests 119, 120, and 121. This test condition

was repeated later.

, Test 131 was a high MR, Tow Pc condition using the
same bomb as used in Test 130. The engine was stable prior to the bomb but
appeared to develop a low amplitude chug mode following the bomb. Actual

test conditions were MR = 3.8 and Pc = 199 psia.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Test 128 returned the duration to 0.75 sec and utilized a 6.5-gr bomb at high
mixture ratio. The engine recovered rapidly from the bomb at a MR of 4.08
and a Pc of 302 psia.

For Tests 129 through 132, resonator cavities were filled with copper blocks
prior to testing to determine if cavities were required for stable operation.
The engine was stable at a MR of 2.73 and 308 psia until the bomb went off
near the end of the test. The 6.5-gr bomb set off a 1-T instability mode,
and the engine did not recover, thus demonstrating the need for the cavities.

Test 130 was a low Pc, Tow MR test with a 6.5-gr bomb. The test was
terminated early in the burn due to a Tow Pc cutoff kill which was similar to
that of Tests 119, 120, and 121. This test condition was repeated later.

Test 131 was a high MR, lTow Pc condition using the same bomb as used in Test
130, The engine was stable prior to the bomb but appeared to develop a low
amplitude chug mode following the bomb. Actual test conditions were MR = 3.8
and Pc = 199 psia.

Test 132 was a repeat of Test 130 conditions, with the results being similar
to those of Test 131. The actual MR and Pc were 2.3 and 200 psia, respec-

tively. The condition of the injector face following Test 132 is shown in
Figure 29.

Analysis of the data (Figure 30) shows significantly improved combustion
efficiencies (approximately 97%) as compared to 93% for the LOL element.
Detailed analyses are provided in Section 5.

Figure 31 provides a comparison of the chamber wall heating rates for the OF0Q
element versus the LOL pattern tested earlier. The OF0 element heating rates
are considerably faster, indicating a higher heat flux on the same thermo-
couples under similar operating conditions.

c. Test Series III - LOX/Propane OF0-EDM Orifice Triplet Injector,
8-Inch L' Water-Cooled Calorimeter Chamber

(1) Objective

The objective of this series was to obtain detailed thermal data for the
design of regeneratively-cooled chambers including the effect of gas-side
sooting on the heat flux as a function of chamber pressure and mixture ratio.
Injector durability would also be assessed in tests of longer duration.

(2) Facility Modification

The facility was modified to provide cooling water for the calorimeter
chamber as shown in the flow schematic of Figure 32 and the photograph of

Figure 33. No changes to the igniter, injector, or propellant and valve
sequences were made,
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E, Tasks II and IV Subscale Injector Characterization (cont.)b

(3) Hardware, Instrumentation, and Measurements

Detailed drawings of the calorimeter chamber are provided in Figure 34. A
photograph of the copper liner prior to braze assembly is provided in Figure
35. The final chamber assembly is shown in Figure 36 and also on the test
stand in Figure 33.

As can be noted in Figure 32, the chamber is divided into nine hydraulically
separated compartments. Four separately metered water lines are employed to
supply the nine compartments. The heat flux for each compartment is deter-
mined by the measured water flowrate and the water temperature rise. The
measured flow to each of four sections (resonators, A, C, and D) is cross-
checked by comparing the sum of the individual flows with an independent
total water flow measurement. In order to avoid water temperature measure-
ment errors resulting from comparing two different thermocouples, and to
account for possible changes in water inlet temperature with time during the
test, the computational procedures listed in Fiqure 37 were employed. This
procedure compares the prefire (water flowing) measurement with the firing
value and corrects for changes in supply temperatures by using the average of
two thermocouples located in the supply line. Chamber pressure is measured
through the injector face using the igniter port and igniter oxidizer mani-
fold pressure transducer. There is no propellant flow or purge flow through
the igniter port at the time the measurements for C* calculations are made.

(4) Cold-Flow Tests
The following cold-flow tests were conducted prior to the hot-fire testing:

(1) Proof- and leak-test at 1200 psi

(2) Water-flow without orifices

(3) Water-flow after installing flow balancing and back-pressure orifices

54) Sequence checkout to verify no-flow, no-ignition kills

5) 60-sec water flow test to verify capability of water supply to maintain
pressure and flowrate

No additional injector cold-flow tests were conducted.
(5) Hot-Fire Tests

Eleven LOX/propane hot-fire tests with the OF0 triplet injector were con-
ducted in this series.

Test No. 133 was a 3 second checkout test at nominal conditions (MR = 3; Pc =
300 psia).

Test 134 was a repeat of Test 133 for a duration of 40 seconds. The chamber

total heat load peaked at 2 to 5 seconds and then continued to drop with time
until the end of the test.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Test 135 was a repetition of the same conditions, with the duration extended
to 80 seconds. The heat Toad continued to decrease until about 60 seconds
and then stabilized. Plots of the measured heat flux versus time data are
provided in Figures 38 through 47. All subsequent tests were for a duration
of 65 seconds.

A comparison of the total heat loads (Q, Btu/sec) for these three tests
yielded the following data:

Q Q Q at End Chamber

Test No. at 3 Sec at 5 Sec of Test Condition
133 418 - - New, clean
134 410 412 314 2nd firing
135 393 402 295 3rd firing

The small test-to-test heat load reduction of 6% (Test 135 vs Test 133) indi-
cates that the carbon buildup occurring during a test is essentially cleaned
out by the shutdown and startup transients. No attempt to physically clean
the chamber between tests was made. The total heat reductions during the 40
and 80 second tests were 24 and 27%, respectively.

Test 136 was a 65 second high mixture ratio (4.3) test at nominal pressure.
Contrary to what was expected, the carbon buildup rate was much faster and
equally extensive at higher mixture ratios. Thermal equilibrium conditions,
measured by total Q, were attained after only 20 seconds of burn time com-
pared to 60 seconds at a mixture ratio of 3. The maximum Q of 337 Btu/sec
occurred at 3 sec, and the steady-state value of 250 after 20 seconds repre-
sented a 26% reduction from the peak value.

Test 137 was a Tow mixture ratio test (MR = 2) at nominal pressure. Higher
heat fluxes and little drop-off with time were observed at this condition.
The maximum Q of 440 Btu/sec occurred at 6 seconds, and this dropped to 412
Btu/sec at 65 seconds, a reduction of only 6%.

Test 138 was a nominal mixture ratio test (MR = 3) at a Pc of 400 psia. The
trends were similar to those of Tests 134 and 135 but with higher total heat
loads. The max Q of 467 Btu/sec at 4 seconds dropped to 337 at 50 seconds
and to 319 at 65 seconds,

Test 139 was a 300 psi test at a MR of 2.7. The maximum Q and end-of-test Q
values were 410 and 346 Btu/sec, respectively, for a 16% reduction.

Test 140 was a high-pressure (408 psi) test at the same mixture ratio as Test
139 (MR = 2.7). The max Q and end-of-test Q values were 469 and 396 Btu/sec,
respectively, for a 16% reduction. The trend toward diminished carbon
deposition effects at lower MR continued to hold.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Test 141 was a lTow pressure (200 psi) test at the same MR as that of Test
140. The test was terminated shortly after successful dgnition by a faulty
nonignition kill indication. No data were obtained in this test.

Test 142 was a repeat of the Test 141 conditions for a successful 65 second
burn at a MR of 2.6. The maximum Q of 323 Btu/sec was not attained until 37
seconds into the test and remained at that level for 65 seconds. The carbon

build-up phenomena was significantly different from the higher pressure
tests.

Test 143 was an extra-low (1.82) MR test at the nominal 300 psi condition to
determine if the trends of higher Q and lower carbon deposits would continue
at reduced mixture ratios. A maximum Q of 472 Btu/sec was reached at 8
seconds, and the heat load remained between 462 and 468 Btu/sec for the
entire 65 second test, for a reduction of only 1%.

The peak heat loads at mixture ratios 1.8, 3.0 and 4.3 were 472, 412, and 373
Btu/second. These data led to the conclusion of a propellant flow inversion
at high oxidizer to fuel momentum ratios.

Figure 48 shows two posttest views of the injector face coated with carbon as
a result of the testing., Figure 49 shows the head-end and throat of the
chamber, The heavy carbon buildup in the resonator cavity is visible in the
original color photo but cannot be seen clearly in the black and white repro-
duction. The heavy carbon deposits in the resonator cavity indicate that
these are becoming plugged over a long period of operation and eventually
could lead to reduced stability margin or even unstable operation, since it
was proven that the cavities were required to assure stable combustion.
Evaluation of designs which would keep these cavities clean was recommended
and evaluated in subsequent testing.

The chamber barrel was found to be relatively clean. A darkening observed at
the start of convergence continued through the throat to the exit plane.
These observations support the subsequent thermal data analyses which indi-
cate an oxidizer-rich environment in the cylindrical section changing to a
fuel-rich wall environment at the start of convergence.

Table VIII provides a summary of the test conditions and the resulting over-
all thermal data. Figures 38 through 47 are plots of the propellant flow-

rate, mixture ratio and resulting heat flux measurements for each compart-
ment.

(a) Thermal Results

Figure 50 provides a map of the measured axial heat flux profiles at 300 psi
and 5 different mixture ratios. Two time periods are shown. The first plot
shows the maximum value observed early in the test. In this plot, each data
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Figure 48, Views of OF0 Injector Face Coated with Carbon Following

LOX/Propane Testing
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Figure 49. Water-Cooled Chamber Following Test 143 at 630 Seconds of
Accumulated Burn Time with LOX/Propane
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TABLE VIII
HOT-FIRE TEST SUMMARY - OFQ INJECTOR AND CALORIMETER CHAMBER

Max. Throat Max. Total Total Heat
0/ Pc Duration Heat Flux Heat Load Load at 60 sec
Test Date (-) (psia) (sec) (Btu/sec-in.2) (Btu/sec) (Btu/sec)
133 4 Nov 2.9 300 3 11 417
134 [4 Nov | 3.1 300 40 10.7 412 314 (at 40 sec)
135 5 Nov 3.18 301 80 11.0 402 313
136 | 5 Nov 4.3 304 65 - 10.0 337 244
137 5 Nov 2.1 296 65 9.4 440 412 (at 65 sec)
138 5 Nov 3.0 400 65 13.6 467 337
139 9 Nov 2.75 300 65 10.7 410 346
140 9 Nov 2.6 408 65 12.9 469 396
142 9 Nov 2.58 200 65 6.3 323 323
143 9 Nov 1.82 300 65 10.2 472 462-468
L' = 8 1in.

Fuel = Propane



88

HEAT FLUX BTU/SEC-IN.Z

—
N

—
p—

—
[}

P U o N O W

o oOd

MAX Q/A Q/A AT 60 SEC

12 —
11 Pc =300 PSIA
ol LOX/PROPANE

(Vo]
I

HEAT FLUX BTU/SEC-IN.2
-~J
|

AXIAL DISTANCE, IN.

AXIAL DISTANCE, IN.

Figure 50. Effect of Mixture Ratio on Heat Flux Profiles at the Time
of Maximum Flux and at 60 Seconds

]



E, Tasks II and IV Subscale Injector Characterization (cont.)

point may represent a slightly different time. The second profile to the
right provides the flux 60 seconds into the burn, when near-equilibrium
carbon deposition conditions exist. The chamber region shows significant
flux reductions at higher mixture ratios and with increasing time whereas the
supersonic region indicates a lesser influence of both MR and time. The
lower heat flux at the 2-in. station is highly influenced by the injector.

Figure 51 provides similar data, showing the influence of chamber pressure at
a constant MR value of approximately 2.6. The fact that the greatest flux
reductions, due to carbon deposition, take place at high flowrates (400 Pc)
and that 1ittle or no reductions are noted at lower flowrates (200 Pc) is
inconsistent with previous data and needs to be studied further. The inter-
nal consistency of all data suggests that these effects are real.

Figure 52 provides a cross-plot of the throat station heat flux versus mix-
ture ratio as a function of time, at a constant chamber pressure of 300 psia.
The heat flux reduction with time is expressed by the ratio of the 60 second
flux to the maximum flux in the upper curve. The trend toward less carbon
deposition at lower MR at the throat station is consistent with the total
heat load data presented in the previous section. Mixture ratios between 2.0
and 4.3 appear to have little influence on the heat flux at the 60 second
time slice,

The 60 second data of Figure 51 show that chamber pressure has little
influence on the chamber region heat flux. The rise in heat flux at low MR
at the throat station is consistent with other stations and suggests that
this particular element should not be selected to operate at a fuel-rich
condition near the wall when Tow heat flux is desired.

Figure 53 provides a complete heat flux versus mixture ratio map for each of
the eight compartments at a chamber presure of 300 psia. All data represent
the maximum flux values which are assumed to correspond to a relatively clean
wall condition. With very few exceptions, these data provide smooth, con-

tinuous curves and are internally consistent, an indication that the trends
are real.

The cylindrical chamber section in the first column shows a reduction in heat
flux as the mixture ratio increases from 1.8 to 4.3. Theoretical predictions
indicate that the maximum convective heat flux occurs at a mixture ratio of
2.2 and falls off at both higher and lower MR values. The convergent nozzle
shows less of a MR-dependency in Section C-2 and becomes almost flat in
Section C-1 just upstream of the throat. The flux versus MR trend reverses
starting in the throat station and produces an increasing flux versus MR
downstream. It is suspected that unvaporized fuel droplets are impinging on
the convergent nozzle and significantly reducing the local mixture ratio in
the wall film. Overall engine MR was employed in preparing the plots. This
MR dependency would be expected to be a strong function of injector pattern
and chamber length,
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E, Tasks II and IV Subscale Injector Characterization (cont.)

(b) Performance Results

A summary of the test conditions and performance parameters is shown in Table
IX. Data in this table are presented at three firing-time summary periods of
1, 5, and 10 sec, respectively. Figure 54 provides a comparison of the
thrust-based specific impulse data from the water-cooled calorimeter chamber
with that from the heat sink chamber at a data summary time of 0.5 to 0.6
seconds. The consistency of these data indicates that the addition of the
water-cooling lines did not influence the thrust measurement and thrust
calibration system.

Figure 55 shows the vacuum specific impulse for the 8-in. L', 1.94 area ratio
chamber as a function of mixture ratio, chamber pressure, and burn duration.
Some improvement in Isp and a significant reduction in data scatter are noted
for the 10 second as opposed to the 0.5 second data summary period. The 10
second data are considered to be more accurate.

Figure 56 provides the energy release efficiency (ERE) calculated from the
Isp measurement. The influence of MR and Pc on these data is internally very
consistent, The large fall-off of ERE at low MR is due to the increase of
the fuel-to-oxidizer momentum ratio in the OF0 element. The energy release
efficiency shown in the figure is based on the 10 second data summary period
and is slightly higher than the data reported earlier in the short duration
heat sink chamber tests.

Uncorrected C* data are provided in Table IX. No comparison with previous
data was made because of the change in Pc measurement location from a
through-the-chamber-wall measurement to a through-the-injector-face-igniter-
port (Poii) measurement. Further discussion of these test results is pre-
sented at the end of Section 5,d.

d. Test Series IV - LOX/Propane and Propane Film-Cooling, OF0 Triplet
Injector, 8.7~in. L' Water Cooled Calorimeter Chamber

(1) Test Objectives

The objectives of this test series were to define the changes in heat flux
and performance loss resulting from the use of propane film-cooling and to
determine if the method of coolant injection would prevent carbon buildup in
the resonator cavities.

(2) Facility Changes

The fuel feed system was modified to provide a separate valve and flow meter
for the film-cooling injector as shown in the facility flow schematic of
Figure 57. The bleed for the coolant was obtained downstream of the main
flow measurement such that the core flow rate is the difference between total
flow and coolant flow for the portion of each test where coolant is utilized.
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DATA SUMMARY FOR OF0 TRIPLET WITH LOX/PROPANE PROPELLANT

TABLE IX

Test Data ) Pogi Test P.rop-fllw . ‘
No. Date | Summary |To; Ttj (pc) MR Duration| W, | We C*Poji Poj | Pfj |Fvac | Ispvac | &Pgj | &Pfj [ nlsp| nERE Ko Kwej
| (sec) (°F) (°F) | (psia), (sec) (1b/seck(iv/sec) (vac)
133 |:1-04-81) 1.5-1.8 |-264 69 301.6 2.882 3.37 2.815 10.977 | 5661 |417.6 | 393 970 256.0 | 116.0] 91.4 0.2490 | 0.1445
{134 [11-04-81 | 1.4-1.85 |-262 68 300.2 2.897 40.39 2.803 |0.968 | 5664 {415.5 | 388.7{ 965 256.0 | 115.3| 88.5 0.2493 | 0.1452
134 111-04-81 | 5.4-5.85 |-267 67 298.4 3.077 | 40.39 2.844 10.924 | 5635 |415.9 1 377.4] 965 256.1 | 117.5| 79.0 0.2507 | 0.1467
)| 134 | 11-04-81 | 10.4-10.85/-267 66 296.1 3.264 40.39 2.880 |0.883 | 5599 |415.4 ;| 366.8] 959 254.9 [ 119.3} 70.7}0.96 ) 1.003 | 0.2523 | 0.1480
1135 |11-05-81 | 1.4-1.85 |-261 68 300.3 2.914 80.35 2.810 }0.964 | 5663 [415.5 ] 387.6| 966 256.1 | 115.2| 87.3 0.2499 | 0.1457
135 | 11-05-81 | 5.4-5.85 |-266 64 299.0 3.057 80.35 2,850 10.932 ] 5625 |415.6 | 378.6| 967 255.7 | 116.6 | 79.6 0.2519 | 0.1471
135 {11-05-81 { 10.4-10.85( -268 63 297.1 3.218 | 80.35 2.882 10.895 | 5597 |)416.3 | 368.4| 962 254.6 | 119.2] 71.3]0.962[0.999 | 0.2519 | 0.1491
136 [11-05-81 | 1.40-1.85 {-267 68 302.8 3.997 65.36 3.211 {0.804 | 5366 |448.3 { 362.0| 970 241.5 | 145.5| 59.2 0.2514 | 0.1472
136 |11-05-81 { 5.40-5.85 |-273 67 301.4 4.107 65.36 3.237 |0.788 | 5327 [449.2 | 356.5( 968 230.5 [ 147.8| 55.1 0.2515 { 0.1496
136 {11-05-81 | 10.4-10.85¢-275 64 298.8 4.187 65.36 3.231 10.772 | 5311 ]448.7 | 350.4] 961 240.0 | 149.9 ] 51.6)0.9530.989 | 0.2494 | 0.1510
137 |11-05-€1 | 1.40-1.85 |-262 67 294.3 2.087 | 65.36 2.609 (1.250 | 5426 |]393.6 | 442.4} 943 244.2 99.3 ] 148.1 0.2494 | 0.1448
137 111-05-81 | 5.40-5.85 |-267 64 294.5 2,150 | 65.36 2,623 |1.220 | 5453 | 395.6 | 433.3} 948 246.7 | 101.1 [ 138.8 0.2487 | 0.1456
137 |11-05-81 [10.40-10.85|-268 65 295.3 2,217 65.36 2.632 [1.187 { 5503 |[396.3 | 424.4] 952 249.3 [ 101.0 | 129.1}0.917|0.955 0.2498 | 0.1469
138 111-05-81 | 1.4-1.85 [-259 69 408.1 2.920 | 65.36 3.785 [1.296 | 5715 |620.0 | 563.9(1310 257.8 | 211.9 155.8 0.2485 | 0.1466 "
138 |11-05-81{ 5.4-5.85 |-263 65 408.5 3.004 | 65.36 3.823 |1.273 | 5704 |[620.3 | 554.0]1316 258.3 | 211.8|145.5 0.2515 | 0.1485
138 |11-05-81 | 10.4-10.85[-263 67 407.1 3.040 § 65.36 3.833 [1.261 | 5687 }619.6 | 547.2|1313 257.8 ) 212.5{140.1)0.962)0.999 0.2523 ] 0.1501
139 |11-09-81| 1.4-1.85 |-257 69 294.8 2.777 | 65.36 2.730 }0.983 | 5650 }403.4 | 385.7} 937 252.5 | 108.6 7 90.9 0.2497 | 0.1456
139 | 11-09-81 | 5.4-5.85 |-265 67 296.2 2,792 | 65.36 2.749 (0.985 | 5646 |[405.5 | 385.8| 947 253.6 | 109.3] 89.6 0.2507 | 0.1467
139 }11-09-81 | 10.4-10.85) -266 66 297.3 2.778 65.36 2.744 10.988 | 5669 |406.3 | 386.0] 951 254.8 |} 109.0| 88.7]0.9430.980 0.2503 | 0.1477
140 |11-09-81 | 1.4-1.85 [-258 69 | 402.2 2.624 65.36 3.626 (1.382 | 5714 |[598.2 | 581.8|1288 257.2 | 196.0]179.6 0.2474 | 0.1457
140 111-09-81 | 5.4-5.85 {-263 66 403.8 2.697 | 65.36 3.652 |1.354 | 5739 |598.8 | 571.3|1298 259.3 | 195.0|167.5 0.2499 | 0.1475
140 |11-09-81 } 10.4-10.85(-264 64 404.8 2.671 65.36 3.656 |1.369 | 5732 [599.0 | 572.9(1302 259.1 | 194.2|168.1]0.952/0.989 | 0.2507 | 0.1485
141
142 [11-09-81 { 1.4-1.85 |-255 68 197.3 2.249 | 65.3 1.795 10.798 | 5414 |242.2 | 257.4] 628 242.3 | 44.91 60.1 0.2564 | 0.1453
142 |11-09-81 | 5.4-5.85 [-260 67 197.3 2.348 | 65.3 1.800 (0.767 | 5471 |244.1 | 252.4] 632 246.2 46.8 1 55.1 0.2519 | 0.1456
142 |11-09-81 { 10.4-10.85{-260 65 196.8 2.448 | 65.3 1.800 10.735 | 5521 |244.4 | 247.3] 632 259.2 47.6) 50.5]0.917,0.956 | 0.2498 | 0.1457
143 |11-10-81 [ 1.4-1.85 |-259 68 299.8 1.795 65.4 2.605 11.452 | 5258 |400.5 | 502.9( 958 236.1 | 100.7] 203.1 0.2477 | 0.1438
143 |11-10-81 | 5.4-5.85 |-265 64 300.2 1.865 65.4 2.613 |1.401 | 5320 |402.2 | 488.3] 963 240.0 | 102.2| 188.1 0.2467 | 0.1438
143 |11-10-81 | 10.4-10.85(-267 63 300.9 1.855 | 65.4 2.611 11.408 | 5328 [401.9 | 487.7| 966 240.5 | 101.0 | 186.8]0.909 |0.945 0.2479 | 0.1448
L 1 1) /I TS I R I I B
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TABLE IX (cont.)
) Compartment Cg, (Shifting Equilibrium) Cg; (Frozen Equilibrium)
Test | Time Pc W a/a-AL | oasa-ag Toase-ag Te T¢ | a7 =
Run | sec MR | psia | 1b/sec Btu/sec-in.2 °R °R °R DBf Cpg/Crg A Az A3 A Ay A3
134 2 2.94 300 3.78 4.347 4.502 3.542 6150 3630 | 5040 | 0.00162 1.395 0.0203 0.0211 0.0166 0.0283 0.0294 0.0232
4 3.01 3.76 4.260 4.397 3.639 6160 3635 | 5050 | 0.00162 1.390 0.0200 0.0207 0.0171 0.0279 0.0287 0.0238
40 3.16 3.76 3.118 3.110 2.684 6165 3638 | 5055 | 0.00158 1.380 0.0151 0.0151 0.0130 0.0209 0.0208 0.0180
135 2 2.9 301 3.78 4.347 3.925 3.273 6150 3630 | 5040 | 0.00162 1.395 0.0203 0.0184 0.0153 0.0284 0.0256 0.0214
4 3.02 3.79 4.205 4.051 3.441 6160 3635 | 5050 | 0.00162 1.390 0.0197 0.0189 0.0161 0.0273 0.0263 0.0224
5 3.04 3.78 4.127 4.083 3.370 6160 3635 | 5050 | 0.00162 1.388 0.0194 0.0191 0.0158 0.0269 0.0266 0.0219
60 3.18 3.78 3.113 3.145 2.567 6165 3638 | 5055 | 0.00158 1.380 0.0150 0.0152 0.0124 0.0208 0.0210 0.0171
136 2 4.01 304 4.01 3.545 3.371 2.679 6110 3610 | 5000 | 0.00144 1.332 0.0188 0.0179 | 0©.0142 0.0250 0.0238 0.0189
60 4.30 4.02 2.520 1.801 1.521 6070 3590 | 4960 | 0.00139 1.315 0.0141 0.0101 0.0085 0.0186 0.0133 0.0112
137 2 2.11 296 3.86 4.796 4.832 3.698 5640 3375 | 4530 | 0.00187 1.48 0.0203 0.0204 0.0156 0.0300 0.0302 0.0231
3 2.12 3.85 4.808 4.951 3.696 5660 3385 | 4550 | 0.00187 1.48 0.0203 0.0209 0.0156 0.0300 0.0309 0.0230
60 2.15 3.84 4.477 4.664 3.161 5700 3405 | 4590 | 0.00186 1.475 0.0189 0.0197 0.0133 0.0279 0.0290 0.0197
138 2 2.94 411 5.08 5.082 4.898 3.846 6150 3630 | 5040 { 0.00162 1.395 0.0188 0.0181 0.0142 0.0262 0.0252 0.0198
60 2.92 5.14 3.288 2.688 1.717 6145 3628 | 5035 | 0.00162 1.398 0.0120 0.0098 0.0063 0.0168 0.0137 0.0088
139 4 2.81 297 3.73 4.212 4.339 3.325 6125 3618 | 5015 { 0.00165 1.405 0.0195 0.0201 0.0154 0.0274 0.0282 0.0216
6 2.79 3.73 4.120 4.372 3.289 6120 3615 | 5010 | 0.00166 1.407 0.0190 0.0201 0.0151 0.0267 0.0283 0.0213
60 2.76 3.75 3.462 3.863 3.014 6110 3613 | 5000 f 0.00167 1.410 0.0158 0.0176 0.0137 0.0223 0.0248 0.0194
140 2 2.66 405 4.99 5.147 5.099 4.006 6080 3595 | 4970 { 0.00168 1.418 0.0186 0.0184 0.0145 0.0263 0.0261 0.0205
60 2.63 5.06 4.063 4.299 3.036 6070 3590 | 4960 | 0.00169 1.420 0.0144 0.0153 0.0108 0.0205 0.0217 0.0153
142 4 2.26 200 2.59 3.488 3.285 2.481 5830 3470 | 4720 } 0.00180 1.458 0.0204 0.0192 0.0145 0.0298 0.0281 0.0212
6 2.35 2.56 3.453 3.415 2.685 5910 3510 | 4800 | 0.00175 1.448 0.0208 0.0205 0.0161 0.0301 0.0297 0.0234
60 2,58 2.52 3.545 3.525 2.586 6055 3583 | 4975 | 0.00173 1.426 0.0215 0.0213 0.0157 0.0306 0.0304 0.0223
143 5 1.86 302 4.02 5.274 5.245 4.055 5170 3140 | 4060 | 0.00195 1.555 0.0222 0.0221 0.0171 0.0346 0.0344 0.0266
6 1.87 4.01 5.223 5.320 3.917 5200. 3155 | 4090 | 0.00196 1.553 0.0218 0.0222 0.0163 0.0338 0.0345 0.0254
60 1.82 4.06 5.353 5.070 3.473 5080 3095 | 3970 | 0.00195 1.580 0.0226 0.0214 0.0147 0.0357 0.0338 0.0231
= 1110°R

ng

Chamber Diameter = 3.40 in.
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TABLE 1X (cont.)

Compartment
test | Tine pe | WAC, | AC) W)/A-u1 [ osa-p, | wa-p, Cg; {Frozen Equilibrium) Cg, (Shifting Equilibrium)
Run sec MR psia Btu/sec-in? C, Cl Tl 0, D, [:2 (:1 T, o, n3
134 2 2.94 300 | 3.929 | 6.523 | 10.53 | 5.920 4506 0.0204 0.0210 0.0206 0.0133 0.0135 0.0146 0.0150 0.0 .
0 | 3 w315 | a7 | 7.182 | 81208 | 4786 147 0.00951 | 0.00967
*  13,01-3.50 4.020 ] 6.631 | 10.77 | 6.635 5.496 0.0211 0.0215 0.0192 0.0136 0.0152 0.0148 0.0151 0.0135 0.0096 0.0107
135 2 2.94 301 | 4.016 | 6.564 | 10.68 | 5.975 4.533 0.0209 0.0211 0.0209 0.0134 0.0136 0.0150 0.0151 0.0150 0.0036 0.00973
60 3.18 3.286 | 5.025 | 7.788 | 5.682 5.026 .
* 12.983.27 4.100 | 6.730 | 11.01 | 6.731 5.581 0.0213 0.0217 0.0216 0.0153 0.0191 0.0150 0.0152 0.0152 0.0108 0.0135
136 2 4.01 304 | 3.879 | 6.132 | 10.13 | 6.581 5,228 0.0218 0.0213 0.0214 0.0160 0.0169 0.0164 0.0160 0.0161 0.0120 0.0127
60 4.25 3.546 | 5.534 | 7.550 | 5.206 5.293
*  14.014.18 3.886 | 6.259 | 10.13 | 7.034 6.320 0.0218 0.0219 0.0215 0.0173 0.0207 0.0160 0.0162 0.0158 0.0128 0.0154
137 3 2.12 296 | 4.378 | 6.455 | 9.307 | 5.329 4.403 0.0218 0.0198 0.0174 0.0114 0.0126 0.0147 0.0134 0.0117 0.00771 0.00852
60 2.15 3.839 | 5.646 | 7.9 5.076 4.489
* 2132.21 4.417 | 6.511 | 9.478 | 5.552 4.642 0.0220 0.0200 0.0177 0.0120 0.0134 0.0137 0.0125 0.0111 0.0075 0.0085
138 2 2.94 411 | 4.546 | 8.052 | 12.46 | 6.852 4,958 0.0187 0.0204 0.0192 0.0121 0.0117 0.0134 0.0146 0.0138 0.00869 0.00840
60 2.92 3.148 | 5.615 | 9.264 | 5.963 5.032
* 12.96-3.05 4,576 | 8.257 | 13.66 | 8.001 6.358 0.0188 0.0210 0.0211 0.0143 0.0150 0.0118 0.0131 0.0132 0.0089 0.0094
139 4 2.81 297 | 4.138 | 6.666 | 10.50 | 6.202 4.1 0.0214 0.0214 0.0205 0.0139 0.0142 0.0153 0.0152 0.0146 0.00987 0.0101
60 2.76 3.628 | 5.089 | 7.726 | 5.913 4.969
* 12.76-2.80 3.327 | 6.738 | 10.78 | 6.402 5.328 0.0173 0.0216 0.0210 0.0143 0.0159 0.0120 0.0150 0.0146 0.0099 0.0111
140 2 2.66 405 | 4.745 | 8.113 | 12.63 | 6.729 4.714 0.0193 0.0204 0.0193 0.0118 0.0111 0.0136 0.0144 0.0136 0.00834 0.00786
60 2.63 4.040 | 6.608 | 11.09 | 7.216 5.629
*  [2.64-2.70 4.745 | 8.113 | 12.99 | 7.802 5.993 0.0189 0.0199 0.0194 0.0133 0.0136 0.0129 0.0133 0.0133 0.0091 0.0093
142 6 2.35 200 | 3.339 | 4.804 | 6.451 | 3.917 3.604 0.0143 0.0206 0.0168 0.0117 0.0144 0.0101 0.0145 0.0119 0.00826 0.0101
60 2.58 3.426 | 4.990 | 6.868 | 4.349 4,159
* 2.60 3.463 | 5.003 | 6.959 | 4.382 168 0.0239 0.0213 0.0180 0.0130 0.2165 0.0163 0.0146 0.0123 0.0089 0.0113
143 5 1.86 302 | 4.637 | 6.810 | 10.26 | 6.055 4.853 0.0242 0.0220 0.0201 0.0132 0.0146 | 0.016% 0.0141 0.0129 0.0092 0.00939
60 1.82 4.386 | 6.429 | 9.031 | 5.374 4.648
* 1.87 4.637 | 6.826 | 10.27 | 6.055 4.963 0.0240 0.0218 0.0199 0.0134 0.0148 0,2164 0.0149 0.0136 0.0092 0.0101
Diameter at L, = 2.998 in. Diameter at D; = 1.740 in. (Throat)
Dfameter at C, = 2.294 in. Diameter at D, = 1.878 in.
Diameter at D3 = 2.206 ir.
*Maximum Observed Value For Each Compartment
‘ . : ‘ | |
i | ] | ] o P I8 IS RS R | - l




L6

ISP VAC

290 —
280 p—
270
THEORETICAL ODE
300 PSIA
260 p—
o] Q (o)
® ®
240 | ° Pc = 300 PSIA T~
OF0 TRIPLET
LOX/PROPANE
230 70°F FUEL
- L' = 8 IN.
220 }— TIME SUMMARY 0.5 TO 0.6 SEC
O HEAT SINK CHAMBER e=1.98
210 — ® WATER-COOLED CHAMBER €= 1.94
200 ] ] ] | | ] | l | | | |
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

Figure 54.

MR

Comparison of Isp Measurements of Heat Sink Chamber and
Water-Cooled Chamber



i

86
ISP VAC, ¢=1.94

290

280

270

260

250

240

230

O WATER-COOLED CHAMBER

THEORETICAL ODE

400 PSIA
300
200

e= 10 SEC

® WATER-COOLED CHAMBER €¢= 0.5 - 0.6 SEC

220
LOé/PROPANE
.700F FUEL

210 L' = 8 IN.

200 L—1 | | I | | I | | I I I |

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2
MIXTURE RATIO
Figure 55. Effect of MR, Pc, and Duration on Isp of OF0 Triplet

SR I | !



66

nEREY

100~

98

96

94

92

O__ 300 PSIA

90

200 PSIA DATA SUMMARY TIME 10 SEC
/A/ 700F FUEL
O Pc = 400 PSIA-
O Pc = 300 PSIA
A pc = 200 PSIA
(o)
| | I I | l L I I | | 1 |
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

MR

LOX/Propane Energy Release for OF0 Triplet Injector in 8-in.

Figure 56.
L' Chamber



[
o
o

VARIABLE SPARK T
POWER SUPPLY .

—
GHE 3 8 '\ 1
PRESSURAUT

FILL

PROPELLANT
CONDITIONING

SPARK —Qror PRESSURANT
MONITOR

ox

50 GALLON
0-3500 PSI
PFLIGN N
042 dt +—DGF——{ FiLt
- o BLD
PROPELLAMT
XD BLEED
2& o TOFM
WOFM-2 WOFM-I
POFM

FLUID

GN2 1
PRESSURANT

“X% |n| 2 fow

INJECTOR NO. 3
—IN FILM COOLANT INJECTOR
PFEJ | WFFY, 16N P‘JTFJ /_
POJ b -
i——[cuz

Figure 57.

i, -
N OHFOU  TOJ <} ? - R—l }
[}
_CQW'— RESONATOR
A3 J
oAt G G_.Tz____ T1eas T
——') > Tea-t
Al
©e-2
ct ™ OUT
) D> Tec-
< ‘__i_'__N_,-SOO DISCHARGE TO
oI . : \ ATMOSPHERE
) L D> TeD-t
D2 . ,
-2 (’ D3 é
\ TCD-8
\-a\wmms*ren

CHAMBER W OuUT

Bay 6 Flow and Instrumentation Schematic for Water-Cooled
Chamber with Fyel Film-Cooling

L SRV TR | R T T R B -



s

E, Tasks II and IV Subscale Injector Characterization (cont.)

(3) Hardware

This test series utilized the same 40-element OF0 triplet injector (Figure
58, Posttest 148), a new film-cooling injector (Figure 59) and the same
water-cooled calorimeter chamber. The chamber L' (injector face to throat
distance) was increased to 8.7 inches by the addition of the film-cooling
injector. The throat area remained at 2.20 in. and the contraction ratio at
4.0. The mating of the film-cooling injector and OF0 triplet injector
produced a fuel-cooled resonator 0.7 in. deep and 0.085 in. wide. The
resonator was an annular cavity without partitions (previous tests employed
twelve cavity partitions).

Operation of the preatomized film-cooling injector is illustrated in Figure
60. The liquid streams from thirty-six .015/.016 in. diameter orifices
impinge on the outer rim of the main injector, producing a continuous ring of
fuel droplets which flow from the resonator cavity parallel to the chamber
wall, Figure 60 shows the ring flowing without the injector impingement rim
and Figure 61 shows the ring flowing with the splash-rim and 15% of the total
flow in the cooling circuit.

The following changes in the water-cooling circuits were made to accommodate
the 0.7-in. long film-cooling ring.

° The water flow in the former resonator channels was increased from 0.74
1b/sec to 1.20 1b/sec by increasing the orifice diameter to 0.168 inches.
This allows these channels to accept a maximum heat flux of 9 Btu/sec-in.Z2.
This change was required because these channels moved to a higher heat flux
position downstream of the injector face when the film-cooling injector was
inserted between the injector and chamber. The resonator circuit orifice was
also moved from the discharge side of the cooling passage to the inlet side.

Thjs reduced the pressure on a repaired braze joint from 1065 psia to 750
psia.

° The discharge orifice on the total water circuit was increased from
0.290 to 0.300 in, to accommodate the higher overall flowrate, 6.28 versus

5.8 1b/sec.
(4) Cold-Flow

Photographs showing the operation of the film-cooling fnjector are provided
in Figures 60 and 61,

(5) Summary of Hot-Fire Film-Cooling Tests With LOX/Propane

Tables X and XI provide documentation of the test parameters, measured per-

formance, and thermal data. The following paragraphs provide a narrative of
the individual tests.
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40-Element OF0 Triplet Injector, P/N 1193287, at the Start

of Test Series 4

Figure 58.
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Figure 60.

PREATOMIZED FILM COOLING
INJECTOR OPERATION
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-267.9
-272.4
-272.1
~274.7
-263.7
-273.9
~275.0

-273.9

51.4

45.1

43.6

47.0

43.0

44.3

44.7

44.2

44.0

44.1

50.1

47.5

44.8

44.8

46.1

50.1

44.1

43.1

$0.3

47.2

47.2

46.1

PoJi
{Pc)
{psia

192.11

253.45

307.58
300.03

303.15

306.23
311.89
3i1.82
314,79

312.41

304.18

302.08

308.19
306. 66

302.50
306.21
305.43
309.13

308.06

203,94

205.56

203.94

206.29

205.31

408.10

414.42

413.17

416.46

413.24

Eng

1.553

2.270

2.25%

2.252

2.241

2.558

1.585

1.571

1.547

1.531

1.779

3.572

3.802

3.755

3.634

2.361

2.497

2.499

2.097

2.112

2.401

2.156

2.187

2.156

2.107

2.429

e

TABLE X

QOF0_ TRIPLET ‘INJECTOR (INJECTOR #3) PERFORMANCE DATA SUMMARY OF TEST SERIES #3 -

WATER-COOLED CALORIMETER CHAMBER, WITH FFC {INJECTOR #4), LOX/PROPANE

-

.854

2.788
é.733
2.726
2.710

2.559

1.840
1.811
1.793

1.779

4.163
4.426
4,419

4,226

2.580
2.726

2.728

2.456
2.470

2.401

2,585
2.588
2.548
2.488

2.428

Yo

1b/sec)
1.617

2.164

2.743

2.752

2.706
2.718
2.717
2,715

2,737

2.648
2.614
2.606
2.601

2,632

3.176
3.219
3.199

3.189

3.209

2.766
2.759
2.757
2.750

2.749

1.823
1.810
1.834
1.805

1.844

3.611
3.5%8
3.591
3.584

3.599

W,

Propellant Flow

T &FFC N
(1b/sec) - (ibssec) - MEc/Met
- 0.239 -
1.393 0.204 0.146
1.201 0.175 0.146
1,210 0.176 0.146
1.192 0.174 0.146
1.205 0.175 0.145
1.207 0.i74 0.144
1212 0.173 0.143

1.070 - -

1.671 0.244 0.146
1.664 0.243 0.148
1.685 0.246 0.146
1.699 0.248 0.146
1.479 - -

0.889 0.127 0.142
0.847 0.120 0.141
0.852 0.120 0.141
0.878 0.123 0.140
0.795 - .

1172 0.0994 0.085
1.105 ©6.0933 0.084
1.103 0.0922 0.084
1.113 0.0924 0.083
1.048 - :

0.953 0.140 0.147
0.911 0.134 0.147
0.875 0.127 0.146
0.855 0.124 0.145
0.768 - .

1.674 0.261 0.156
1.645 0.255 0.155
1.666 0.257 0.154
1.701 0.260 0.153
1.482 - -

“Pod
{psia)
433.69

420.48

407.28

409.48

407.086
409.08
408.37
409.29

410.00

405.10
410.00
409.60
409.11

403.69

443.60
444,65
442.13

447.39

446,03

403.03
408.08
408.08
408.50

407.59

244.23
245.07
246.22
246.64

246.54

582.82
589.96
588.28
589.95

589.44

{psia)
366.

381.

397.

400.

393,
396.
396.
396.

3%9.

486.
489,
492.
495,

499.

333,
325.
325.

331,

335.

382,
372,
370.
372.

374.

282.
246

242.

§53.
549.
552.
560,

565.

J

86

10

19

85

7

8

3%

49

£

27

37

G

.78

66

8

2Pog

241,58

166.03

104.40

101.69

107.03

105.93

105.03

102.54

103.74

98.87

98.11

97.78

94.32

97.28

139.42

141.47

140.04

138.20

139.43

100.53

101.87

102.65

99.37

99.53

40.29

39.51

42.28

40,35

41.23

174.72

175.54

175.11

173.50

176.20

2PFJ

174.75

127.16

94.2

92.61

93.82

93.80

92.48

89.59

93.15

180.47

177.43

180.79

180.35

187.54

29.40

21.96

23.37

22.70

28.61

80.12

66.18

64.74

66.36

66.61

48.33

40.81

38.21

32.49

36.88

145.00

135.27

135.05

144.20

152.63

Fync

611.56

800.31

964.66

975.09

955.96

967.75

971.33

971.78

974.26

975.26

993.34

995.89

995.42

995.46

973.43

86%.18

968.87

982.48

976.36

964.87

980.43

978.72

982.77

881.67

648.66

648.77

651.21

651.43

653.05

1299.2

1319.3

1318.3

1324.95

1318.25

C*

5066

5438

5497

5452
5472
5492
5532

5697

5020
5162
5145
5182

5359

5298
5281
5281
5384
5423
5439
5611
5602
5667

5745

5262
5349
5330
5493
5566
5468
5598
5566
5578

5759

1sp,

vac

225.04

244.61

246.10

245.29
246.67
247.55
247.49

255.94

225.81
232.20
232,09
231.49

242.17

239.45
238.40
239,18
241.60

243.88

245.01
253.70
253.51
254,44

258.55

233.66
238.40
240.35
244,94

250.04

245.83
251.65
250.38
250.68

259.45

CERE

-9211

19341

. 9405

.9377
.9433
9467
9458

29773

.9192
.9489
9503
.9450

.9539

9559
.9629
.9642

. 9683
9879

29348
9684
L9677
.9705

9833

9201
.9324
.9317
.9488

9583

-9432
-9638
9606
.9651

9859

Ko
0.0986

0.1568

c.2822
0.2561
0.2500
0.2522
0.2531
0.2560

0.2563

0.2496
0.2496
0.2538

0.2533

0.2568
0.2584
0.2581
0.2591

0.2597

0.2628
0.2598
0.2583
0.2627

0.2627

0.2748
0.2730
0.2674
0.2697
0.2727
0.2583
0.2574
0.2575
0.2585

0.2579

KW o

0.1468

0.1465

0

0

Q

Q

a

0

0

0

o

o

0

0

0

[

[

1488

. 1459

1478

.1483

.1522

.1837

L1497

.1956

-2155

-2100

2196

L2060

1668

.1728

L1746

1778

.1781

.1628

L1690

1679

1779

L1753

.1629

L1658

.1658

1664

1663

Ko

0.0313

0.0314

0.0310

0.0307

0.0305

0.0306

0.0309

0.0316

0.0315

0.0286

0.0307

0.0309

C.0274

0.0293

©.0292

0.0294

0.0300

©.0302

2.0341

0.0352

9.0351
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TABLE XI
LOCAL HEAT FLUX DATA FOR OF0 TRIPLET INJECTOR
Axial Distance: 0.5 2 4 6 7.5 8.5 ) 9 9.5 10
Test  Start Eng. Heat Flux Btu/sec in. Total Q Core
Run Time MR Pc Wt Qr QA-3 QA-2 QA-1 Qc-2 Qc-1 QD-1 QD-2 QD-3 Btu/sec MR %FFC WFC
146 2.0 2.26 300 3.89901 1.09 3.15 3.06 2.43  2.29 3.16 4,18 2.72 1.96 258 .146  .174257
10 2.25 304 3.92201 1.27 2.81 2.13 1.54 1.33 2.15 4.11 2.54 2.01 215 2.63 .144  .173763
20 2.24 306 3.92815 1.18 2.06 1.20 1.26 1.28 2.52 4.03 1.67 1.57 189 2.61 .142 172848
FS-2 2.55 306 3.80825 2.81 2.81 2.30 3.17  2.73 5.02 6.92 3.71  2.56 337 0 0
147 2.0 1.59 306 2.64876 0.71 2.52 2.47 2.28 2.20 2.84 4.14 2.52 1.82 215 14.6 .244062
10 1.54 311 2.60488 0.79 2.34 1.79 1.52 1.48 1.90 3.53 2.12 1.85 186 1.8* 14.6  .246013
20 1.53 314 2.60240 0.87 2.09 1.44 1.26 1.61 1.79 3.15 1.95 1.79 164 1.8* 14.6  .247895
FS-2 1.78 312 4.11402 3.13 4.82 4.90 4.45 3.72 5.34 8.13 5.21 3.52 455 0 0
148 2.0 3.62 304 4.06126 0.77 2.51 2.88 2.50 2.27 3.14 4.99 3.77 2.67 244 .142  .126656
10 3.75 302 4.05066 0.82 1.93 1.78 1.65 1.82 2.85 4.88 4,25 3.34 201 4,37 .141  .120153
20 3.63 309 4.06661 0.71 1.63 .98 1.45 1.70 2.75 4.15 3.64 3.14 172 4.23 L1400 123237
FS-2 4.04 306 4.00331 1.40 1.95 1.69 2.69 3.29 5.45 9.32 7.43 5.39 282 0 0
149 2.0 2.41 302 3.92563 1.36 3.44 2.99 2.86 2.90 4,07 5.87 3.89 2.69 287 .084 .099361
10 2.50 305 3.86073 1.42 3.28 2.57 2.30 2.23 3.13 4,93 4.00 2.66 269 2.73 .083 .092214 -
20 2.47 309 3.86248 1.52 2.82 2.13 2.21  2.01 3.02 4.57 3.35 2.70 250 2.70 .083  .092403
Fs-2 2.61 308 3.79591 2.48 3.38  3.17 3.28 2.87 4.41 6.09 4.89 3.91 339 0 0
151 2.0 1.94 203 2.78965 0.54 1.94 2.02 1.99 1.89 2.60 3.44 2.15 1.59 177 .147  .140218
10 2.09 203  2.70938 0.69 2.05 2.01 1.85 1.75 2.27 2.82 1.85 1.62 188 2.45 .145 127426
20 2.11 206 2.65952 0.58 1.94 1.84 1.35 1.62 1.87 2.91 1.56 1.41 172 2.47 .144  .123691
FS-2 2.39 205 2.61055 2.81 3.18 3.28 3.25 2.84 4,06 5.14 3.65 3.67 321 - 0 0
152 2.0 2.17 408 5.25099 1.24 3.68 3.00 2.62 2.06 3.20 5.65 3.47 2.41 283 .155  .260970
10 2.15 413 5.25659 1.33 3.02 1.93 1.76 2.23 3.31 6.16 3.67 2.80 237 2.55 .154  .256975
20 2.10 416 5.28544 1.14 2.72 1.55 1.72  2.54 3.85 6.01 3.57 2.40 226 2.49 .152  .260055
FS-2 2.42 413 5.07460 3.15 5.10 5.07 4.36 4.15 6.93 10.36 5.85 4.26 495 - 0 0
*Estimated Wt = Total propellant flowrate



E, Tasks II and IV Subscale Injector Characterization (cont.)

Test 144

The series started with Test No. 144, This was a 5 second checkout test with
the engine balanced to provide a chamber pressure of 300 psia and a core
mixture ratio of 2.8 plus 14% fuel film- cooling. The actual engine core MR
was 1.55 rather than the anticipated value of 2.8 and the Pc was 254 rather
than 300 psia. The percent fuel cooling was 14.6% as expected. Data
analyses indicated that low oxygen flow, due to a high resistance in the
oxygen circuit of the injector, was responsible for the low MR. The chamber
pressure was only 85% of the expected value. Postfire inspection of the
injector indicated the presence of moisture in the oxidizer manifold. A
period of heavy rain and high humidity had preceded the test series, and
apparently the moisture froze on contact with the LOX, thereby blocking some
of the injector orifices.

Test 145

A hot GNo purge of the oxygen manifold was applied prior to this test which
employed the same tank pressure settings as the previous test. The resulting
core MR was 2.6 (engine MR = 2.2) and the oxidizer flow resistance returned
to the original value. Posttest engine inspection showed only a light oily
soot film on the chamber wall rather than the expected heavy carbon deposits.

Test 146

This test was a repetition of Tests 144 and 145 with tank pressure settings
for a duration of 70 seconds. At 61 seconds into the test, the film-cooling
valve was closed. This allowed an additional 9 second data sample for direct
comparison of Isp and heat flux with and without film-cooling. Posttest data
evaluation indicated that steady-state water temperatures were attained in 40
seconds with the film-cooling flowing. The duration of the subsequent tests
was reset to 50 seconds with film- cooling and a 5 seconds period without
film-cooling.

Test 147

This test was a 50 + 5 second duration test at 14% FFC and a low core MR
(1.8). The tank pressure settings are provided in Tables X and XI. The fuel
flowmeter was off-scale for the first 50 seconds in this test and flow values
were estimated using the injector flow resistance. Flow data for the last 5
second period were valid; Pc was 312 psia.

Test 148
This test was a 40 + 5 second test at a core mixture of 4.4 (engine MR = 3.6)

with 14% fuel film-cooling; Pc was 309 psia. The duration was reduced in
order to allow completion of the series without refilling the fuel tank.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

The thickness of the carbon deposited on the injector face and chamber wall
appeared much greater and more dense after this high MR test. Previous
analyses of the deposits removed after a high MR (no film-cooling) test
indicated the material to be more than 99+ percent carbon and included traces
of copper and nickel. The fuel manifold pressure (PfJ) was invalid on this
test.

Test 149

This was a 40 + 5 second, 305 psia test at a core MR of 2.7 and an engine MR
of 2.5. The fuel film-cooling was 8.4%.

Test 150

This was a low Pc test which was terminated automatically (prior to ignition)
by the computer because of a delayed opening of the water cooling valve.

Test 151

This was a repeat firing for 40 + 10 seconds at a Pc of 204 psia. The coré
MR was 2.5 and the engine MR was 2.0, The fuel film-cooling percentage

during the first 40 seconds was 14,5. There was no film-cooling for the
final 10 seconds of this test.

Test 152

This was a high pressure (410 psia) test at a core MR of 2.6 and an engine MR
of 2.2 with 15.4 percent film-cooling. The test duration was 40 seconds with
film-cooling and 5 seconds without. :

Posttest inspection of the engine after the last test showed clean areas
around each fuel orifice and heavy buildup around the inner row oxidizer
elements, especially at the bottom of the manifold. The resonator cavity was
significantly cleaner, in terms of carbon, compared to the previous test
series without film-cooling., It is possible that all the carbon observed
resulted from the last 5 seconds of operation in Test -152 where the film-
cooling was off.,

Posttest inspection of the engine showed all seals and joints to be leak free
and all components in good condition. The chamber was cleaned with copper
cleaner after the test series was completed. The resulting surface had a
silver grey color, possibly indicating exposure of the nickel sublayer of the
laminated chamber I.D. The chamber I.D. did not have the copper color which
would normally be expected. No dimensional changes at the throat were
indicated by the posttest measurements (<.001 in.).
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E, Tasks II and IV Subscale Injector Characterization (cont.)

(6) Thermal Results
(a) Calculated Time-Dependent Heat Flux

The measured heat flux versus time values for each test (Tests 144 through
152) are provided in-Figures 62 through 69. Table XI summarizes the data at
selected time periods. The last data summary period (FS-2) for each test
corresponds to the last one second of burn; i.e., no film-cooling.

(b) Axial Flux Profiles

The data from Table XI are cross-plotted as heat flux versus axial distance
in Figures 70 through 75, Each figure represents a different test condition,
i.e., Pc, MR or % film-cooling. Four curves are shown on each plot. The
lowest heat flux curve corresponds to the profile with the indicated fuel
film-cooling flow 20 seconds into the burn. This represents a steady-state
condition for most parameters. The curve labeled FS-2 provides the profile 5
seconds after the film-cooling flow is terminated (10 seconds in the case of
Test 151.) As noted in the previous figures, this higher flux may not be a
steady-state value. These data show that any carbon buildup on the wall from
the film-cooling is quickly removed when the cooling is terminated.

The highest heat flux profile labeled "Max, no FFC" in these same figures is
obtained from the previous test series (133-144) where the engine (8-in. L'
chamber) was operated without film- cooling and peak values were reached
early in the test before the carbon deposits could build up. The fourth
curve, labeled "SS, no FFC" provides the steady state heat flux profiles from
previous tests without fuel film-cooling after firing durations of approxi-
mately 60 seconds. The latter two curves for the no film-cooling tests were
generated from the data shown in Figure 76 for 300 psia operation and in
Figure 77 for other pressures. Constant core mixture ratio was selected for
the thermal comparisons in Figures 70 through 75.

(c) Peak Heat Flux Values

The cycle life and cooling requirements for a regeneratively cooled chamber
are controlled by the peak throat heat flux. Throat heat flux values for a
typical 300 psia operating pressure and core mixture ratio of 2.6 + 0.1 are
as follows: -

Maximum at startup without film-cooling 10.8 Btu/sec-in.2
Steady-state without film-cooling 7.5 Btu/sec-in.2
Maximum/steady-state with 8.4% film-cooling  7.0/4.2 Btu/sec-in.2
Maximum/steady-state with 14,4% film-cooling 4.5/4.0 Btu/sec-in.?2

The use of 8.4% film-cooling would reduce the peak operating flux from 10.8
to 7.0 Btu/sec, or 35%, while 14.4% would reduce the flux by 58%.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Reductions in peak heat flux during the firing do not aid in the cooling
system design and cyclic life, since the chamber must be designed for the
peak values. The reduction of total cooling heat load with time will,
however, influence the regenerative propellant supply temperature to the
injector and possibly influence both performance and stability.

(d) Total Heat Load

The total heat load to the coolant in the calorimeter chamber provides
insight into both the carbon deposition process and the effectiveness of film
coolant in reducing the heat flux. Table XII and Figure 78 show the total
heat load as a function of the core mixture ratio for five different con-
ditions. The data of the uppermost curve were obtained very early in the
tests with no film-cooling and should be representative of operation with
little or no. carbon deposits on the chamber wall. A lower heat load value
curve (labeled "0% FFC end of no FFC test") is obtained near the end of the
tests with no film-cooling. These data points represent steady-state values
obtained after the carbon deposition process had occurred. The difference
between these two curves shows the heat flux reduction due to carbon deposi-
tion. What is particularly interesting is that the effect of carbon deposi-
tion is substantial at high mixture ratios and small at low mixture ratios.

This was not anticipated as there is much more carbon available at the lower
mixture ratios.

The two lower curves are similar to those just described except they were
obtained with 14.5% fuel film-coolant. The curve, obtained two seconds into
the film-cooling tests, presumably shows the effect of the film-cooling in
reducing the heat flux with little or no carbon deposition. The 40 second
data show the combined effect of film-cooling and carbon deposition. With
14.5% film-cooling, the carbon deposition shows almost no mixture ratio-
dependence. This is substantially different from the strong mixture ratio-
dependence encountered with no film-cooling.

On the film-cooling tests, the film coolant was turned off 5 seconds before
the end of the firing. The remaining curve in Figure 68 shows the heat load
immediately before the end of these tests (5 seconds after the film-cooling
was shut off). This curve is nearly identical to that obtained near the end
of the tests with no film-cooling. This is significant in that it indicates
the carbon deposit effect depends on the current operating condition and not
previous operating conditions, i.e., there is very little hysterisis in the
process. Thus, the concept of initially operating a hydrocarbon engine in a
heavy sooting condition to place a thermal barrier on the chamber walls, and
then shifting to a higher performing but more thermally severe operating con-
ditions, does not appear to be valid based on these results. The removal of
the carbon barrier after the film-cooling was shut off is clearly evident at
the low mixture ratios.
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TABLE XIT
COMPARISON OF TOTAL ENGINE HEAT LOADS

Heat Load BTU/sec

: Pc @ With Film Without Film Previous No
Test 20 sec MR % Cooling Cooling Data FFC
No. psia Core/Eng FFC 2 sec. Final Final Peak SS
145 307 2.6/2.3 14.6 143 228 - 425 340
146 306 2.6/2.2 14.4 259 164 337 425 340
147 314 1.8/1.5 14.6 215 147 455 480 470
148 309 4.0/3.2 14.1 244 157 282 355 257
149 309 2.6/2.5 8.4 287 222 339 425 340
151 205 2.4/2.1 14.6 177 156 321 320 320
152 415 2.4/2.1 15.3 284 221 495 465 420



62l

VAC ISP, € = 1.94

TOTAL CHAMBER HEAT LOAD,BTU/sec

260 — 0% FFC
250 I— 14.5% FFC
240 |~
230 |-
500 |-
\\
400 {—
PEAK HEAT FLUX
300 }— START OF NO FFC TEST
0% FFC AFTER TEST WITH FFC
O/ T 0% FFC END OF NO FFC TEST
200 (— 2 SEC INTO FFC TEST 14.5% FFC
o——— —O 14.5% FFC END OF TEST =40 SEC
100, | l | | ] | 1 I ]
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
CORE MR

Figure 78, Effect of Core MR and Propane Film Cooling on Isp and Heat
Load- Reduction



E, Tasks II and IV Subscale Injector Characterization (cont.)

The effectiveness of the film-cooling in reducing the total heat load at
pressures of 200, 300, and 400 psia both with and without the accumulation of
carbon deposits is illustrated in Figure 79. These results show the same
general film-cooling influence characteristics.

(7) Propane Hot-Fire Performance and Stability Test Results

This section summarizes the performance and stability data analyses for Test
Series II, III, and IV. The injector was hot-fire tested with propane as the
fuel with the following different hardware configurations: (1) heat sink
chamber tests used for the injector checkout and stability tests (Test Series
#2), (2) water-cooled calorimeter chamber tests with 0% FFC used to obtain
heat transfer data (Test Series #3), and (3) water-cooled calorimeter chamber
tests with a pre-atomized fuel film- cooling injector (Test Series #4).

(a) Heat Sink Chamber Tests

Table VI summarizes the stability data of the eleven heat sink chamber tests
(Test Series #2). The stabilization effectiveness of the 0.7 in. deep reson-
ator is apparent from the data on Table VI. In Test Series #2, the only
incidence of instability per CPIA criteria occurred on Test 129 after bombing
with no acoustic cavities. The instability was in the first tangential (1T)
acoustic mode of the combustion chamber. At a chamber pressure of 200 psia,
chugging oscillations were observed at both high and low mixture ratios
(Tests 131 and 132). The amplitudes were small and the tests were classified
as stable per CPIA criteria.

Table VII, Test Series #2, summarizes the performance data of the heat sink
chamber tests. The specific impulse values and energy release efficiencies
(calculated using both the C* data and the Isp data) are presented graphic-
ally in Figure 80. The calculated results using these two methods agree
quite well, with an approximate 1% maximum data dispersion. The performance
appears to increase as the chamber pressure increases. Although the measured
ERE Tevel of the 300 psia chamber pressure tests appears to agree with the
predicted values using the modified ALRC vaporization approach (Figure 25),
subsequent results from longer duration tests indicate a measurable influence
of test duration on ERE, apparently due to nonsteady-state conditions within
the injector. Further analysis was not pursued due to the short test dura-
tions.

(b) Water-Cooled Chamber Tests Without Fuel Film-Cooling Ring

Table IX is a summary of the performance data from the water-cooled calori-
meter chamber tests (Test Series #III1). All the tests in this series had
test durations of 40 to 80 seconds, except for Test #133, which was a 3
second test duration. Engine specific impulse and mixture ratio varied as a
function of time from FS1 as is shown on Figure 81, This mixture ratio and
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Isp time history is typical of that observed on all tests. The Isp decays to
a minimum value at approximately 0.6 second from FS1 and then gradually
increases with time until the steady-state mixture ratio is achieved. The
Isp dip is probably due to transient LOX manifold chilidown and propellant
accumulation between the LOX flowmeter and injector face during this time
period.

The time interval from FS1 to the minimum Isp point (approximately 0.6
seconds) is nearly equal to the heat sink chamber test durations. Figure 54
shows good agreement of Isp data between the heat sink chamber tests and the
water cooled chamber tests at FS1 + 0.6 sec. The variation of Isp with both
mixture ratio and firing duration is shown on Figure 55. The steady-state
values taken at FS1 + 10 sec. are at least 3 1bF-sec/1bM greater than their
corresponding values at FS1 + 0.6 sec. for the 300 psia Pc case. The Isp
peaks at a mixture ratio of approximately 3.0. The energy release effic-
jencies, using the definition given below, based on the steady-state Isp, are
shown in Figure 82.

ERE = ISp, measured/np "B NK

= Isp/np nB nk
Isp, ODE, MR engine

where:
I = Isp, measured
sp ISp, ODE, MR engine
np = divergence efficiency for 15° cone nozzle
ng = boundary layer efficiency for 0.2 wall to
stagnation temperature ratio
urs = kinetic efficiency at uniform engine mixture ratio

For the 300 psia chamber pressure tests, the ERE increases with increasing
mixture ratio and is 100% at a mixture ratio of approximately 3.2. The
chamber pressure was a varied parameter during low mixture ratio testing.
These data indicate that the ERE increases as the chamber pressure is
increased. The substantial influence of mixture ratio on ERE indicates the
importance of triplet momentum ratio on the propellant mixing process.

The hot-fire fuel injector Kw data are shown in Table IX. These data are
plotted on Figure 83 and show a significant (3-7%) increase in Kw with time.
The same phenomenon was observed in the testing of the like-on-like injector.
The fuel Kw also increases as the mixture ratio is increased as shown on
Figure 84. This increase of fuel Kw is probably caused by a fuel density
increase due to fuel/oxidizer heat exchange within the injector. The insert
in Figure 83 shows the calculated fuel Kw as a function of temperature
assuming a Kw of 0.145 at 65°F. Operational engines must account for this
effect in both design and operations.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

(c) Water-Cooled Chamber Tests with Fuel Film-Cooling Ring

The performance data of nine tests (Test Series #4) conducted with the FFC
ring (designated as Injector #4) are summarized on Table X. During each test
the FFC was shutoff near the end of the firing to give a direct comparison of
performance with and without FFC. The 0% FFC ERE data from test Series #4
are shown on Figure 85 along with the data generated during test Series #3.
Both sets of data appear to have the same trend, however the Series #4 data
show substantially higher ERE values for the 300 psia chamber pressure tests
at Tow mixture ratio than do the Series #2 data. These apparent differences
in ERE are probably due to lack of propellant thermal/flow stabilization at
the FS1 + 10 second sample period of Test Series #2 as indicated by the Kw
data of Figure 83. These two tests series would probably have the same
apparent ERE if the data sample times were the same. The impact of test
sample time on apparent ERE is illustrated by the data on Figure 86. These
data show a 1% increase in apparent ERE for the FS1 + 10.4 to 10.9 second
sample period compared to the FS1 + 1.4 to 1.9 second sample period. Based
on the Kw data of Figure 82, -a similar or even greater increase in apparent
ERE is possible when comparing the FS1 + 10 sec- ond to the FS1 + 40 or 60
second sample period.

Combustion efficiency data are plotted on Figure 87 for the Test Series #3
data at 300 psia chamber pressure with and without fuel film-cooling. The
data from Test Series #2 are also included for the comparison to the non-FFC
data (Series #2) and the film cooled data (Series #3) at the same test dura-
tion (FS1 + 10 seconds). The figure shows the following: (1) the -expected
increase in apparent combustion efficiency with test duration; (2) a higher
combustion efficiency with fuel film-cooling at low mixture ratios (2.0); (3)
a significant reduction in combustion efficiency due to film-cooling as mix-
ture ratio is increased. These data are also plotted on Figure 88 as a
function of core mixture ratio. The higher combustion efficiency with FFC
than without FFC at low MR (below approximately 2.0) suggests the existence
of an oxidizer-rich core boundary. In the oxidizer-rich environment, addition
of fuel fiim-cooling provides a more uniform MR distribution and reduces the
mixing loss. On the other hand, the lower efficiency with FFC than without
FFC at high MR implies the lack of an oxidizer-rich core boundary. At the
higher mixture ratio, the addition of film-cooling causes a MR maldistribu-
tion which decreases the combustion efficiency. The existence of an
oxidizer-rich environment at the chamber wall may be caused by two possible
mechanisms:

1. Without the combustion effects, a triplet injector element has mixing
characteristics as described in Appendix A. For an OFO triplet element, the
fuel fan angle can be greater than or less than the oxidizer fan angle
depending on whether the momentum ratio (or the mixture ratio) is high or
low. Consequently, at high mixture ratios the fuel fans can overspread the
oxidizer fans and form a fuel-rich zone at or near the chamber walls. Con-
versely, at lTow mixture ratios, the fuel fans underspread and an oxidizer-
rich zone is formed near the walls.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

2. The element radial mixing is another possible cause. At low MR opera-
tion the oxidizer streams may not have sufficient radial impingement momentum
to penetrate the fuel stream resulting in an oxidizer-rich periphery. At
high MR operation, oxidizer momentum is high enough to have deep penetration
of the fuel stream preventing the oxidizer rich zone from forming at the
periphery.

Both these mechanisms lead to the existence of an oxidizer-rich environment
at the chamber walls at low mixture ratio. As the mixture ratio increases,
the oxidizer-rich environment decreases. As previously stated, when an
appropriate amount of fuel is added by virtue of fuel film-cooling the near-
wall zone at low engine mixture ratio, the unreacted oxidizer is consumed
stoichiometrically and consequently the overall combustion efficiency is
improved. At higher mixture ratios, however, the oxidizer-rich environment
does not exist and therefore fuel film-cooling will lower the overall com-
bustion efficiency. The heat transfer data analysis (Section 6) also indi-
cates the existence of an oxidizer-rich environment at the walls based on the
wall heat flux data trends.

In summary, Figures 82, 85, 87 and 88 all show that 100% of combustion effic-
jency is obtainable with the OF0Q triplet and the LOX/propane propellant com-
bination, at certain optimum mixture ratios. This indicates the occurrence
of uniform atomization and complete vaporization efficiency at the optimum
MR. The reduction in efficiency as the mixture ratio decreases can be due to
the deterioration of both momentum ratio-dependent atomization efficiency and
mixing efficiency. Also, data contained on Figures 81, 55, 83, 84, 85, 86,
and 87 indicate the significant influence data sample time has on injector
flow stabilization and apparent combustion efficiency for this injector using
LOX/propane. Only the long duration tests (> 40 seconds) will yield reliable
efficiencies.

e. Test Series V - LOX-Ethanol, Ethanol Film-Cooling, 8.7-in. Water-Cooled
Calorimeter Chamber, OF0 Triplet Injector

(1) Test Objectives

The objectives of this test series were to compare the performance, heat
transfer, and stability characteristics of the 40-element OF0Q triplet
injector utilizing LOX/ethanol propellants with data obtained from the same

hardware utilizing LOX/propane. Heat transfer parameters included the
effects of carbon deposition and fuel film-cooling on the heat flux profiles.

(2) Facilities and Hardware

The facility and hardwére were the same as that employed in Test Series #4.
The carbon was cleaned off the injector face and the calorimeter chamber with
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E, Tasks II and IV Subscale Injector Characterization (cont.)

copper cleaner and fine abrasive at the start of this test series. The fuel
tank was drained and refilled with ethanol. The measured water content was
less than 0.1%.

(3) Summary of Testing with LOX/Ethanol

Tables XIII and XIV provide documentation of the test parameters and measured
performance and thermal data. The following paragraphs provide a narrative
of the individual tests. Figures 89 through 95 are graphic presentations
showing the propellant flowrates and heat flux versus time for each test.

Test 153 - This series started with a 2 second checkout test at 300 psia at
nominal MR (1.7) with 14% fuel film-cooling. The injector and chamber
appeared clean and free of carbon following this test. The exhaust plume
exhibited clearly visible shock diamonds which was in contrast with the
brilliant white flame noted with propane (see Figure 96). No indication of
combustion instability was noted.

Test 154 - This was a repeat test for longer duration. The test was termin-
ated prior to ignition due to low water flow (approximately 13% low) in the
resonator cooling circuit. There is no explanation for the low flow measure-
ment, A determination was made that the cooling margin was adequate to pro-
ceed with testing as planned.

Test 155 - This test was a repeat of Test 154 conditions with the low water
fTowrate kill for the resonator reduced to 1 1b/sec. The test was terminated
after 5 seconds by a computer time problem. The 5 second test was long
enough to obtain steady-state performance data and approach steady-state
thermal conditions.

Test 156 - This test was a 300 psia low MR (1.4 core) test for a duration of
30 seconds with 14% fuel film-cooling. The last 5 seconds was with the film
cooling valve closed to provide data with no film-cooling.

Test 157 - Test 157 repeated the Test 156 conditions for the same duration.
Inspection of the heat flux for tests 156 and 157 (Figures 91 and 92) shows
highly repeatable chamber heat flux values.

Test 158 - This was a 30 second nominal MR test (1.7 core) at 300 psia with
the film cooling reduced to 7.6%. In this test, the throat heat flux dropped
when the film coolant was turned off at 25 seconds. Posttest inspection
showed a light dusting of carbon in the throat and exit cone.

Test 159 - Test 159 was a 30 second duration, 300 psia, oxidizer-rich test
(MR core 2.5), with 14% fuel-film cooling for 25 seconds and 0% film-cooling
for the last 5 seconds. A significant increase in the throat heat flux was
observed when the film coolant was terminated. Posttest inspection showed
the injector face to be darker and more carbon-coated than in previous tests
while the throat had bright clean copper-colored streaks.
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Test No.

153
155

156

157

158

159

160

TABLE XIII

OF0 TRIPLET INJECTOR (INJECTOR #3) PERFORMANCE DATA SUMMARY OF

TEST SERIES #4 - WATER-COOLED CALORIMETER CHAMBER,
~ WITH FFC (INJECTOR #4), LOX/ETHANOL

29

145

{igg) Meva  MRoore Pog (PC) Wy % FFC  Isp,vac "Isp  ERE
(psia) (1bm/sec) (% Fuel)

1.5 1.5 1.79 201 3.95 14.2  231.5  0.8990 0.9352
1.5 1.46 1.7 201 3.97 4.2 231.6  0.9019 0.9382
4.0 1.46 1.7 204 3.97 4.2 232.9  0.9069 0.9434
1.5 1.20  1.41 276 3.9 14.3  221.8  0.8918 0.9277
5.5 1,19 1.39 276 3.90 14.4  222.9  0.8988 0.9350
10.5 1.18  1.38 278 3.93 14.4  222.5  0.8994 0.9356
20.5 1.18  1.38 279 3.92 14.3  223.5  0.8994 0.9356
29 1.36  1.36 272 3.79 0 225.1  0.8827 0.9182
5 .21 1.4 279 1.21 14.3  222.4  0.8932 0.9292
5 1.20  1.40 280 3.96 14.4  223.3  0.8979 0.9340
20.0 1.18  1.38 283 3.98 4.4 223.6  0.8994 0.9356
29 .37 1.37 276  3.86 0 225.4  0.8829 0.9184
1.5 1.74  1.88 288 3.84 7.2 235.6  0.9207 0.9578
5.5 .72 1.86 289 3.86 7.6 236.9  0.9247 0.9619
20.5 1.69  1.83 203 3.88 7.8 238.1  0.9279 0.9653
29 .82  1.82 289 3.84 0 237.5  0.9325 0.9700
1. 213 2.48 201 3.92 13.9  234.2  0.9391 0.9769
5. 213 2.47 292 3.93 14.0  235.9  0.9459 0.9840
20.5 2.09  2.44 206 3.95 14.0  236.9  0.9472 0.9853
2.35  2.35 292 3.88 0 237.8  0.9686 1.008
1.5 1.67  1.95 384 5.1 14.5  236.1  0.9133  0.9495
5.5 1.66 1.9 388 5.13 14.6  239.5  0.9265 0.9632
20.5 1.65  1.93 391 5.16 14.6  239.4  0.9261 0.9628
24 1.67  1.93 390 5.14 13.1  240.4  0.9300 0.9668
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TABLE X1V ' -
THERMAL PARAMETERS FOR LOX/ETHANOL WITH OFO TRIPLET IN 8.7 IN. L' CHAMBER

. Heat Flux é/A (BTU/in.z-sec)
% FFC Urotal 0.5 2 4 6 7.5 8.5

Test  Time MR MR Pc ﬁr % FFC WFC 9 9.5 10
Run _  {sec) Eng €OT (psia) (1bm/sec)(% Fuel) {Ibm/sec) (% Total) (BTU/sec) —R A3 A2 AT 2 -1 D1 [ 03
153 2.0 1.54 1.78 291 3.95 14.2 .222 5.62 329.5 1.0  2.53 3.97 3.77 3.44 5.51 10.38 6.30 4.28
155 2.0 1.46 1.71 291 3.97 14.2 .228 . 334.4 1.09 2.3¢ 3.97 3.8 3.35 5.64 10.5 6.39 4.24
5.0 1.46 1.71 294 3.97 14.2 .229 5.76 371.3 1.10 2.5%4 4.14 3.82 3.56 6.06 11.3 7.00 4.84
380 1.1 2.7 4.3 3.95 3.95 6.35 11.65 7.3 5.10
156 2.0 1.20 1.41 276 3.91 14.3 .252 282.5 0.92 1.75 3.17 3.43 3.15 5.03 9.52 5.64 3.79
5.0 1.19 1.39 276 3.90 14.4 -256 320.0 1.02 1.83 3.32 3.49 3.26 5.44 10.22 6.04 4.26
10.0 1.18 1.38 277 3.93 14.4 -259 325.4 1.06 1.84 3.32 3.39 3.32 5.51 10.42 6.21 4.39
20.0 1.18 1.38 279 3.92 14.3 -257 6.55 328.9 0.90 1.85 3.35 3.37 3.36 5.64 10.58 6.26 4.48
Fs-2/30 1.36 1.36 272 3.79 0 0 388.2 3.5 3.44 321 3.35 3.55 6.08 11.30 7.33 5.30
157 2.0 1.21 1.41 279 3.94 14.3 .255
5.0 1.20 1.40 280 3.96 14.4 L2589
20.0 1.18 1.38 283 3.97 14.4 .262 6.60 338.3 0.98 1.87 3.44 3.38 3.39 6.31 11.21 6.21 4.43
F§-2/30 1.37 1.37 276 3.85 0 0 395.0 3.5  3.47 3.28 3.26 3.50 6.23 11.67 7.45 5.20
- 158 2.0 1.74 1.88 288 3.84 7.2 .101
5.0 1.72 1.86 289 3.86 7.6 .108
20.0 1.69 1.83 293 3.88 7.8 .113 2.90 459.6 1.31  3.46  4.49 4.36 4.16 7.31 14.58 8.33 5.81
FS-2/30 1.82 1.82 289 3.84 0 0 483.9 3.27  4.48 4.36 4.18 4.16 7.18 14.43 8.54 5.92
159 2.0 2.13 2.48 291 3.92 13.9 174
5.0 2.13 2.47 292 3.93 14.0 175
20.0 2.09 2.44 296 3.95 14.0 .178 4.52 409.3 1.28 3.00 4.04 3.70 3.54 7.06 13.91 7.25 5.26
F5-2/30 2.35 2.35 292 3.88 0 0 504.1 2.80 4.45 4.80 4.37 4.20 7.43 15.68 8.95 6.02
160 2.0 1.67 1.95 384 5.11 14.5 .280 5.44 441.4 1,21 3.80 5.09 4.4 4.11 8.55 15.80 7.64 4.94
5.0 1.66 1.94 388 5.13 14.6 .282 505.5 1.33  4.03 5.25 4.66 4.37 9.32 16.91 8.49 5.75
20.0 1.65 1.93 391 5.16 14.6 .283 5.51 528.5 1.55 4.05 5.36 4.70 4.49 9.65 17.5 8.80 6.0



TABLE XIV (cont.

Egi EE_ MR WT. Section Heat Flux Cgf CgS
156 272 1.36 3.79 R 3.54 0.0241 0.0181
No Film-Cooling A-3 3.44 0.0234 0.0176
A-2 3.21 0.0219 0.0164
A-1 3.35 0.0228 0.0171
C-2 3.55 0.0193 0.0145
C-1 6.08 0.0206 0.0155
D-1 11.30 0.0245 0.0184
D-2 7.33 0.0194 0.0145
D-3 5.30 0.0204 0.0153
157 276 1.37 3.85 R 3.54 0.0238 0.0179
No Film-Cooling A-3 3.47 0.0233 0.0175
A-2 3.28 0.0221 0.0166
A-1 3.26 0.0219 0.0164
c-2 3.50 0.0188 0.0141
C-1 6.23 0.0208 0.0156
D-1 11.67 0.0249 0.0187
D-2 7.45 0.0195 0.0146
D-3 5.20 0.0198 0.0148
158 289 1.82 3.84 R 3.27 0.0220 0.0153
No Film-Cooling A-3 4.48 0.0302 0.0210
A-2 4.36 0.0294 0.0205
A-1 4.18 0.0282 0.0197
C-2 4.16 0.0224 0.0156
C-1 7.18 0.0240 0.0167
D-1 14.43 0.0305 0.0212
D-2 8.54 0.0215 0.0150
D-3 5.92 0.0207 0.0144
159 292 2.35 3.88 R 2.80 0.0205 0.0140
No Film-Cooling A-3 4.45 0.0326 0.0222
A-2 4.80 0.0352 0.0240
A-1 4.37 0.0320 0.0218
C-2 4.20 0.0246 0.0168
C-1 7.43 0.0270 0.0184
D-1 15.68 0.0358 0.0244
D-2 8.95 0.0243 0.0165
D-3 6.02 0.0227 0.0154
1.69 Engine
158 293 1.83 Core 3.88 R 1.31 0.0088 0.0063
7.8% Fuel Film-Cooling A-3 3.46 0.0231 0.0164
A-2 4.49 0.0300 0.0213
A-1 4.36 0.0292 0.0208
c-2 4.16 0.0222 0.0158
c-1 7.31 0.0242 0.0172
D-1 14.58 0.0303 0.0215
D-2 8.33 0.0206 0.0146
D-3 5.81 0.0200 0.0142

Local Diameter Versus Station

R A-1, A-2, A-3 = 3.40" dia.
C, = 2.998", € 2.294"
Dy = 1.740", D, = 1.878", D3 = 2.206"
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PROPANE EXHAUST PLUME

ETHANOL EXHAUST PLUME TEST 157

Figure 96. Comparison of Exhaust Plumes for Propane and Ethanol
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Test 160 - This was a 30 second scheduled test at nominal MR (1.7) and 400
psia with 14%/0% FFC. The testing was terminated at approximately 26 seconds
(one second following the closing of the film- cooling valve) due to high
water temperature leaving the throat section. The throat heat flux of 17.6
Btu/sec-m.2 at 25 seconds jumped to 20.9 Btu/sec-in.2 at 26 seconds and

was still rising when the water rise temperature limit was reached. No
hardware damage was noted.

(4) Thermal Results

Axial heat flux profiles for each test of 5 seconds or more duration are
provided in Figures 97 through 101. Figure 97 shows the superposition of the
nominal test conditions using data from Test 155 with 14.2% FFC and the end
of Test 158 with 0% FFC. The coolant is noted to be effective in reducing
the head-end temperatures and also the throat temperatures, The throat flux
reduction of 19% with 14% ethanol film-cooling compares to a 58% flux reduc-
tion with the same percentage of propane film- cooling. When the fuel cool-
ant is expressed as a percentage of total propellant flow, there is a 1esser
quantity of propane than ethanol.

The data suggest that the film-cooled head end is fuel-rich, that the fuel
coolant burns off at the end of 4 inches and that uncombusted fuel droplets
deposit on the convergent section to reduce the throat flux. ~

Figure 98 shows the same type data for fuel-rich Tests 156 and 157. Low MR
results in lower overall heat loads for ethanol compared to higher heat loads
with propane. The repeat firing of Test 156 conditions in Test 157 provided
data showing consistency of the flux measurements and absence of test-to-test
variations (within approximately 5%). Coolant burn-off appears to take
place within the first 4 inches of the chamber and does little to reduce the
throat heat flux at low MR.

Figure 99 provides the heat flux profiles for Test 158 which had approxi-
mately 8% and 0% FFC. The rapid consumption of the coolant in the first 3
inches of chamber length, the higher flux with coolant at 4 and 6 inches, and
the loss of effectiveness at the throat suggest that there is an oxidizer-
rich condition at the head-end wall resulting in a reaction with the coolant,
The performance with 8% coolant was found to be higher than with 0% coolant,
thus supporting the coolant burnoff theory.

An improvement of film-coolant effectiveness length at high MR is indicated
by the data in Figure 100. Under ideal conditions a high MR core should
result in more rapid coolant burnoff. Since this is not the case, it must be
concluded that the OF0 triplet element is less oxidizer-rich near the wall at
high MR than at Tow MR, This conclusion is consistent with the propane test
observations where higher wall carbon deposits were observed at high mixture
ratio.
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. E, Tasks II and IV Subscale Injector Characterization (cont.)

Figure 101 shows the heat flux profile for operation at 400 psia with 14.6%
coolant. The estimated throat flux exceeded 21 Btu/sec-in.2 when the
film-coolant flow was terminated.

Figure 102 provides a comparison of the steady- state heat flux profiles
versus mixture ratio for each chamber station and compares the ethanol data
to the propane test results. The upper propane flux curves correspond to
early times in the test while the lower curves show the fluxes after a
steady-state carbon deposit is attained. The heat flux profiles with ethanol
do not decay with time and thus indicate no measurable carbon buildup.

The increase of heat flux with increasing MR for ethanol in the chamber
region is in contrast to the propane which decreases with increasing MR. The
higher oxidizer-to-fuel momentum ratio with the OF0 element and propane fuel
is believed to result in a fuel-rich condition near the wall when the
oxidizer flow is increased even though the engine is oxidizer-rich overall.
Conversely, operating at an increased fuel (propane) flow (low MR) results in
an oxidizer-rich condition near the chamber head- end. This could explain
why there are no carbon deposit effects at the chamber head end at Tow MR and
a large carbon effect at high MR.

The ethanol test data are believed to also indicate a more oxidizer-rich con-
dition near the wall at all operating MR's without fuel film cooling. The
wall MR moves to a more optimal mixed condition as the oxidizer-to-fuel
momentum ratio increases and thus results in high heat fluxes throughout the
chamber, even though in theory the flux should drop at MR values greater than
approximately 2.0. These conclusions are consistent with the poor film-
cooling effectiveness with ethanol and the improvement in Isp and combustion
efficiency as the MR is increased.

Figure 103 provides a comparison of the total heat loads versus core MR for
the two fuels . In contrast, the theoretical heat flux for propane is higher
than ethanol for an assumed clean-wall condition. The experimental total
heat load for ethanol is higher than for propane at the nominal design points
(475 Btu/sec for ethanol versus 410 Btu/sec for propane). These data are
believed to be highly dependent on the injector design and suggest some car-
bon deposition effects in the early time heat flux data. The significant
differences in the effect of MR and fuel film coolant should also be noted.

(5) Performance results

The measured values of specific impulse relative to the theoretical ODE
values are plotted in Figure 104. The peak Isp appears to occur at MR near
2.1. Fuel film-cooling increases the Isp at low MR and reduces the Isp at
high MR. The combustion efficiencies with and without FFC are compared on
Figure 105, assuming that the product of divergence, boundary layer and
kinetic efficiencies of the LOX/ethanol propellant combination is
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E, Tasks II and IV Subscale Injector Characterization (cont.)

approximately equal to that of LOX/propane combination. The efficiency
increases with the addition of FFC at Tow MR and is decreased by the addition
of FFC at high MR. This trend and its causes are similar to those of the
propane tests (Figure 87 and 88).

Comparison of Propane and Ethanol Data

Both propane and ethanol have exhibited a strong dependency of performance on
mixture ratio., 100% combustion efficiency has been demonstrated at certain
mixture ratios. This indicates the existence of uniform atomization, com-
plete vaporization, and high mixing efficiency at the optimum injection
momentum ratio for the OF0 triplet. Figure 106 shows the graphical relation-
ship of ERE versus momentum ratio for non-film-cooled tests using both pro-
pane and ethanol as fuel. The similarity of the ERE-momentum ratio depen-
dency between propane and ethanol is significant. Operation of this injector
at a momentum ratio between 2 to 3 will result in the highest ERE. In future
designs, the oxidizer injector AP should be increased relative to the fuel AP
in order to achieve optimum efficiency at the mixture ratio corresponding to
peak Isp.

Injector Orifice Cp

The injector orifice Cp values determined from the cold flow tests (Figure
26) and the Series #3 Rot fire tests (Table VIII) are plotted in Figure 107
as a function of [(Pj-Py)/(Pj-Pc)11/2, where Pj, Py, and Pc

are manifold, vapor, and chamber pressures, respectively. A discussion of
this parameter for correlating orifice cavitation data is provided in
Appendix B.

Figure 107 shows that the cold-flow tests were conducted in a cavitating
regime, while the hot-fire tests were noncavitating. Both cold-flow and
hot-fire fuel data agree well with the theoretical models and indicate that
the inception of cavitation is at [(Pf‘-va)/(Pfj-Pc)]l/z = 1.3.

The oxidizer hot-fire Cp data are low %or noncavitating flow. This is
believed to be due to an oxidizer density reduction caused by heat exchange
with the fuel in the manifold.

En Correlation

The energy release efficiency data presented in Figure 106 were used to infer
a hot-fire Ey, assuming a 100% vaporization efficiency for both the

oxidizer and the fuel. This hot-fire Ey analysis, shown on Figure 108,
indicates that propane and ethanol have virtually identical Ej values as a
function of the oxidizer-to-fuel momentum ratio. The E; reaches its peak
(100%) at about a momentum ratio of 2.3, which is greater than the 1.1 value
for optimum momentum ratio determined from cold-flow data correlations
(Appendix A). This increase in optimum momentum ratio may be due to the high
volatility of LOX. The cold-flow mixing is strictly a liquid-phase momentum
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E, Tasks II and IV Subscale Injector Characterization (cont.)

mixing phenomenon without involving the vaporization process. Under hot-fire
conditions, however, high LOX volatility can cause a mixing problem that does
not exist under cold-flow conditions. The faster vaporizing LOX spray fans
produce oxidizer-rich zones surrounding the slower vaporizing fuel core.

This not only causes mixing nonuniformity in the radial direction because of
the slow diffusion mixing process, but also creates mixture ratio maldistri-
butions in the axial direction. If the hot-fire momentum ratio is increased,
a wider fuel fan formation will provide both wider distributed and smaller
(faster vaporizing) liquid fuel droplets. Both these two phenomena will
improve the propellant mixing. Therefore, optimum mixing of OF0 triplet
LOX/HC elements requires higher momentum ratio for hot-fire than for cold-
flow.

(6) Engine Application Consideration

The results of the test data analysis have shown that the performance of the
OF0 triplet injector for both propane and ethanol is controlled by the ele-
ment's oxidizer-to-fuel momentum ratio. The maximum combustion efficiency
occured at a momentum ratio range corresponding to a mixture ratio greater
than the value selected for maximum specific impulse. To lower the mixture
ratio at which the ERE is at its maximum, and thus obtain maximum ERE at
maximum Isp, the following two element design modifications should be con-
sidered for future applications:

1. Increase the oxidizer-to-fuel momentum ratio by either increasing the
oxidizer momentum or reducing the fuel momentum. To increase the oxidizer
momentum, the oxidizer orifice area must be reduced while its injector pres-
sure drop is increased. Increasing the fuel orifice area and reducing the
fuel injector pressure drop is required for reducing the fuel momentum.
Making either or both of the two modifications will result in an impingement
stream diameter mismatch (smaller dpy/df ratio) if the element is limited

to circular orifices. This can be avoided by the use of non-circular EDM
orifices having matched impingement element widths in addition to the optimum
momentum ratio, or by replacing each existing fuel orifice with two parallel
fuel orifices to form a 0-F-F-0 pattern. The atomization and mixing mechan-
ism of the latter pattern may somewhat deviate from the OF0 triplet pattern
tested.

2. Increase the oxidizer impingement angle in order to increase the radial
component of the oxidizer momentum.

f. Test Series VI - LOX/Ethanol, Ethanol Film-Cooling, PAT (OF0) Platelet
Injector, 8.7-in. L', Water-Cooled Chamber

(1) Objectives

The test objectives were to: (1) determine if further improvements in per-
formance could be obtained by using a preatomized OF0 triplet, as compared
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E, Tasks II and IV Subscale Injector Characterization (cont.)

to the solid stream impinging triplet, 2) to compare the influence of element
type and film cooling on the chamber heat flux profiles, and 3) to observe
combustion stability characteristics.

(2) Facility
No changes in the facility were made between Series #5 and #6.
(3) Hardware

A new 45-element preatomized triplet injector was designed for LOX/ethanol.
Detailed drawings of a new platelet faceplate are shown in Figure 109. The
new injector was created by machining off the EDM-OF0 pattern and welding the
new photoetched platelet faceplate on the same body. Figure 110 shows a
photograph of the injector at the conclusion of this test series. Some heat
marks are noted on the film-cooling ring in this picture. The injector face
however is clean (carbon free) and shows no indication of heat marks.

(4) Cold-Flow

Figure 111 shows the PAT element injector during water cold flow testing.
The top picture shows the self-atomization of the oxidizer by the splash
plate doublets. The center picture shows the fuel spray cones coming from
the swirler elements and the bottom picture shows both circuits flowing sim-
ultaneously. The flow coefficients (Kw) were 0.18 for the oxidizer circuit
and 0.083 to 0.088 for the fuel circuit. The predicted Kw values were 0.21
for the oxidizer and 0.13 for the fuel. The large difference between the pre-
dicted and measured values in the fuel circuit could not be fully explained.
A second injector employing the same fuel circuit design provided an experi-
mental Kw value of 0.10; thus one must conclude that at least a portion of
the difference is a result of the fabrication process,

(5) Hot-Fire Tests

Nine hot-fire tests were conducted with the platelet OF0 PAT injector in the
8.7-in, L' water-cooled calorimeter chamber. The test conditions are summar-
ized in Table XV. The nominal test duration was 30 seconds. Fuel film-
cooling was utilized for the first 25 seconds of each test, and the last 5
seconds were completed without film-cooling. Figures 112 through 120 docu-
ment the propellant flowrate, MR, and local chamber heat flux measurements.
Tables XVI and XVII document the heat flux without and with film-cooling,
respectively. The events accompanying each test were as follows:

Test 161 was a checkout test at 300 psia for a duration of 1.8 seconds.

Nominal Pc and MR were attained; however the fuel film-cooling flowrate was
too high, i.e., 22.6% versus the 16% desired.
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Figure 109. LOX/Ethanol Platelet Injector (3 of 3)
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TABLE XV
LOX/ETHANOL TEST SUMMARY OF PAT (OF0) PLATELET INJECTOR

Test gge Pc  MReore/MRang 4FFC c* Isp. Comments
161 1.85 283 1.61/1.24 22.6 5216 230.8 Checkout, FFC Too High .
162 ~1.0 | High FFC Kill
163 20.8 298 1.86/1.54 16.8 5346 238.7 Normal Test
30.3 285 1.87/1.87 0 5258 233.7
164 1.85 299 2.40/1.99 16.9 5368 239.8 Ki1ll High Water Temp
165 20.8 296 '2,49/2.07 16.9 5413 241.7 Normal Test
30.3 283 2.45/2.45 -0 5266 233.7 Normal Test
166 20.8 295 1.41/1.16 17.2 5180 230.7 Normal Test
30.3 281 1.43/1.43 0 5123 227.3 Normal Test
167 20.8 201 1.85/1.55 16.5 5369 238.8 Normal Test
30.3 194 1.87/1.87 0 5288 233.9 Normal Test
168 20.8 396 1.89/1.56 17.3 5301 236.2 Normal Test
30.3 377 1.88/1.88 0 5252 232.9 Normal Test
169 20.8 292 1.87/1.70 8.7 5323 237.3 Normal Test
30.3 288 1.87/1.87 0 5303 234.9 Normal Test
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Run Pc

163 285
No Film Cooling

165 283
No Film Cooling

166 281
No Film Cooling

167 194
No Film Cooling

168 377
No Film Cooling

169 288
No Film Cooling

169 293
8.7% Fuel Film
Cooling
163 297
16.8% Fuel Film
Cooling

TABLE XVI
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-.31 -.0021
.28 .0019
1.36 .0092
2.23 .0152
2.60 .0141
5.24 .0176
11.40 .0242
6.78 L0171
4.79 .0169
-.11 -.0008
.66 .0050
1.62 L0122
2.12 .0160
2.56 .0154
5.10 .0191
10.51 .0247
6.14 L0172
4.42 .0173
.22 .0014
-.25 -.0016
.69 .0045
2.43 .0159
2.07 .0108
5.56 .0181
11.52 .0239
5.60 .0141
3.86 .0140
.03 .0003
1.04 .0099
1.28 .0122
1.66 .0158
1.83 .0139
3.63 .0172
7.04 .0209
4.43 .0157
3.12 .0154
-.82 -.0022
.47 .0025
1.82 .0097
2.81 .0150
3.43 .0146
7.54 .0200
15.88 .0265
8.68 .0173
5.94 .0165
-.20 -.0014
.41 .0028
1.32 .0090
2.01 .0136
2.75 .0149
5.58 .0188
11.20 .0237
6.48 ©.0163
4.40 .0155
2.03 .0133
2.63 .0172
3.14 .0206
3.31 .0217
3.53 .0185
6.97 .0226
15.06 .0308
8.08 .0198
5.37 .0184
1.19 .0076
1.41 .0090
2.57 .0165
3.12 .0200
3.27 .0167
6.19 .0197
13.38 .0269
7.60 .0184
5.32 .0182
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Pc

HEAT FLUX DATA OF PAT (OFO) PLATELET INJECTOR IN 8.7-IN. CHAMBER WITH FILM-COOLING

TABLE XVII

Heat Flux Btu/sec-—in.2

Test  psia  "Reore™ene  #FFrc R A3 Ay A Ca ! Dy D, Dy
163 298 1.86/1.54 6.8 1.2 1.4 2.6 3.1 3.3 6.2 133 7.5 5.3
165 296 2.49/2.07 6.9 1.3 2.0 3.2 3.4 3.7 6.7 15.0 8.4 5.8
166 295  1.41/1.16 7.2 1.5 0.8 1.7 2.9 2.5 6.2 125 57 3.9
167 201~ 1.85/1.55 6.5 1.2 2.0 2.2 3.0 3.2 4.6 9.7 5.8 4.1
168 396 1.89/1.56 17.3 1.3 1.8 3.5 4.0 4.5 9.6 19.0 9.7 6.6
169 292 1.87/1.70 8.7 2.0 2.4 2.8 3.1 3.5 6.9 150 8.0 5.3



E, Tasks II and IV Subscale Injector Characterization (cont.)

Test 162 was a repeat test with the film-cooling flow control needle valve
reset. A computer kill terminated this test at approximately 1 second based
on an indicated high film coolant flowrate. The indicated high flowrate was
in error.

Posttest hardware inspection showed a water leak from the resonator cooling
circuit in the chamber. The leak was at a previously repaired braze joint
and at the Towest point in the chamber. Low water flow in the resonator
cooling circuit in Test 162 (1.09 1b/sec versus 1.3 for all other tests)
indicates that partial freezing of water may have caused the joint failure.

Measurements of the water leak rate at operating pressure conditions (Pwater
- Pc = 450 psi) indicated a leak rate of 0.026 1b/sec compared to a propel-
lant flowrate of over 3 1b/sec. Testing continued without repair of the leak
on the basis that: 1) the addition of the small amount of water to the com-
bustion process would not impact the measured performance by more than 0.5%;
2) the water flow data indicated that heating of the copper liner during the
firing caused the leak to diminish or stop.

Test 163 was a 30 second duration test at nominal conditions. The final 5
seconds provided data with the film-cooling valve closed.

Test 164 and 165 were 300 psia tests at high MR (2.4). Test 164 had a ther-
mal shutdown at 1.85 seconds due to high water temperature in section D.3.
Review of the test data indicated an increase in water supply temperature,
rather than very high heat flux, was responsible. Test 165 was a 30 second
repeat with the kill level moved up slightly.

Test 167 was a normal 30 second test at low Pc (200 psia) and nominal MR,
Test 168 was a 30 second test conducted at 400 psia and nominal MR,

Test 169 repeated Test 163 conditions with the exception that the fuel
film-coolant was reduced to 8.7% for the first 25 seconds of this 30 second
test,

A1l of the above tests were stable and no hardware damage other than the
small water leak was noted.

Posttest check of the water leak rate indicated the leakage increased to
0.044 1bM/sec in the cold chamber condition. Comparison of the chamber heat
flux profile for the final 5 seconds of test 163 and 169, which had the same
operating conditions, showed no measurable change. This supports the earlier
conclusion that the water leak rate was small and did not measurably influ-
ence the test results.

The leak was braze-repaired following Test 169 in preparation for test series
7
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E, Tasks II and IV Subscale Injector Characterization (cont.)

(6) Heat Transfer Test Results

A photograph of the injector at the conclusion of this test series is shown.
in Figure 110, The face was clean and showed no signs of being overheated.
Heat marks were noted on the film cooling ring. These may have developed
during the transients when the cooling flow was terminated. No change in
flow or operating characteristics was noted for the film cooling injector,

Figure 121 provides a comparison of the exhaust plumes of the two injectors

tested with LOX/ethanol. The platelet injector plume is more uniform and
somewhat clearer than the EDM'd orifice design.

Figure 122 provides a graphical display of the heat flux (0% FFC) versus mix-
ture ratio at each station in the chamber. Comparisons with the EDM orifice
injector show the platelet injector to have lower heat flux at all stations
and test conditions. The chamber head-end heat flux with the platelet injec-
tor is significantly lower, at the nominal operating conditions (MR = 1.8; Pc
= 300) as shown in Figure 123.

Figure 124 presents a comparative plot of the effect of fuel film-cooling on
the heat flux at nominal test mixture ratio and operating pressure. Small
amounts of fuel (8.7%) added around the injector periphery cause an increase
in heat flux, indicating that the environment near the chamber wall is
oxidizer-rich without film-cooling. When the coolant flow is increased to
16.8%, the increase in heat flux is not as great, indicating that the wall
environment is fuel-rich.

(7) Performance, Test Results

The performance data from this test series (Table XVIII) indicate combustion
efficiencies in the range of 94% to 100%, dependent on engine mixture ratio
and percent fuel film-cooling. The data indicate the following trends:

° Percent specific impulse and combustion efficiency increase with the
addition of fuel film-coolant.

Performance is a strong function of mixture ratio, probably a result
of momentum ratio dependent propellant mixing.

Performance efficiency decreased at the 400 psia chamber pressure
compared to test data obtained at chamber pressures of 200 and 300
psia, probably a result of reactive stream separation.

Compared to the data from the EDM'd OF0 triplet injector, the pre-
atomized element unit yielded higher performance over the entire
mixture ratio range with film-coolant and equal or lower performance
without film-coolant, again a probable consequence of momentum ratio
dependent propellant mixing differences.
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Figure 121. LOX/Ethanol Combustion and Heat Transfer Test Exhaust Plumes,
Conventional OF0 Triplet Injector (Top Photo), and Preatomized
Triplet Platelet Injector (Bottom Photo)
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TABLE XVIII

- PAT INJECTOR PERFQRMANCE DATA SUMMARY
LOX/ETHANOL PROPELLANTS

. . . W
Test pate sm:ry T TR POJL MR ¥ox ey MR FFC ZL P PRy epod 2RI Tvac  cr TPvac FIPyac Meoms Kwos MR
(sec) (°F)  (°F)  (psia) (1bm/sec) (1bm/sec) (Tbm/sec) —(EFi (psia) (psia) (psi) (psi) (1bf)
161 6-17-32  1.3-1.85 -257 81 283 1.2 2.1289 1.71125 1.61  .3870 22.6 414.8 586.7 131.8 303.7 886.7 5216 230.8 - .17656 .08588
162 Early Shutdown (No Data)
163 6-17-82  20.3-20.85 -276 77 298 1.549  2.3990 1.5484 1.863  .2605 16.8  455.3 582.3 157.3 284.3 942.1 5345 233.7  93.0 97.1  .18092 .08617
28.3-30.3 -277 76 285 1.867  2.5026 1.3401 - - 0 45,8 588.7 166.8 303.7 898.1 5258 233.7 92,2 95.5 .18342 .08678
164 6-17-82 1.3-1.85 -256 86 299 1.992  2.6278 1.3192 2.399  .2237 17.0  507.9 506.1 208.9 207.1 946.8 5368 239.9 - - .17483 .08614
165 6-17-82  20.3-20.85 -263 78 296 2.070  2.6069 1.2592 2.491 2129 16.9  491.9 482.0 195.9 186.0 934.4 5414 241.7  96.7 100.3 .17938 .08650
28.3-30.3  -264 78 283 2.456  2.7040 1.1008 - - 0 488.4 486.3 205.4 203.3 889.3 5266 233.7  96.2 99.8  .18192 .087T
166 6-18-82  20.3-20.85 -266 7 295 1163 2.1713 1.8664 1.405  .3211 17.2 430.5 705.5 135.5 410.5 931.7 5130 230.8  93.7 99.3 17911 08596
28.3-30.3  -267 73 281 1.431  2.289% 1.599) - - 0 427.2 7142 146.2 433.2 883.8 5124 227.3  89.0 94.2  .18172 .08660
167 6-18-82  20.3-29.85 -265 73 201 1.546  1.6090 1.0407 1.852 -.1717 16.5 274.8 325.1 73.8 124.1 632.8 5370 238.8  93.4 97.3  .17933 .08784
28.3-30.30 -267 13 194 1.873  1.6920 .9031 - 0 272.8 326.6 78.8 132.6 607.1 5289 233.7  92.7 96.1  .18227 .08829
168 6-18-82  20.3-20.85 -267 5 396 1.562  3.2250 2.0642 1.890 .3579 17.3  684.7 898.7 288.7 502.7 1249 6301 236.2  91.7 95.6 .18203 .08578
28.3-30.30 -267 75 n 1.878  3.319% 1.7681 - - 0 680.0 909.8 303.0 532.8 1185 5252 232.9  91.6 94.7  .18309 .08637
169 6-18-82  20.3-20.85 -270 74 292 1.704  2.4515 1.4389 1.865 1285 8.7 463.5 583.9 171.5 291.9 923.3 5324 237.3  92.8 96.5 .17890 .08677
28.3-30.3 -270 74 238 1.880 2.5084 1.3385 - - 0 461.0 587.3 173.0 299.3 902.9 5303 234.9  92.8 96.0 18187 .08690



E, Tasks II and IV Subscale Injector Characterization (cont.)

Plots showing the performance trends with mixture ratio, % film-cooling and
chamber pressure are shown on Figures 125 through 130.

The variation of specific impulse with engine mixture ratio is shown on
Figure 125 for the nominal 300 psia chamber pressure tests. The peak PAT
element Isp appears to occur at an engine mixture ratio of approximately 2.0
without fuel film-cooling and at a value of 2.0 when approximately 17% fuel
film-cooling is utilized. An engine mixture ratio of 2.0 with 17% fuel
film-cooling corresponds to a core mixture ratio of approximately 2.4. This
peak 0/F value was similar to that observed when testing the OF0 EDM'd injec-
tor, as is indicated on the figure. Figure 125 shows an increase in specific
impulse with the introduction of fuel film-coolant. This effect was also
seen with the EDM'd triplet injector at low engine mixture ratio and probably
is caused by an oxidizer-rich zone along the chamber wall which combusts at
more nearly stoichiometric conditions when fuel film-coolant is added. A
cross plot which shows the influence of fuel film-cooling on specific impulse
is presented on Figure 126. For a constant core mixture ratio and chamber
pressure, introducing 17% fuel film-coolant, increased specific impulse 8.1
seconds at an engine mixture ratio of 2.0 and 5.6 seconds at an engine mix-
ture ratio of 1.70.

The influence of chamber pressure on specific impulse is shown by the data on
Figure 127. For the preatomized OF0 injector, the performance decreases as
chamber pressure is increased from 300 to 400 psia. This may be indicative
of Reactive Stream Separation. The test data from the LOX/ethanol tests with
the EDM'd OF0 triplet did not indicate this trend. Thus combustion zone
mixing, whether caused by RSS or inadequate momentum ratio, appears more
significant with the preatomized OF0 design than with the coherent stream
EDM'd OF0 design.

The unusual influence of fuel film-cooling on engine performance, i.e.,
increased specific impulse as fuel film-cooling is added, led to an evalua-
tion of the propellant mixing occurring within the combustion chamber. Based
on propellant vaporization models, both propellants are predicted to be
nearly completely vaporized at the chamber throat. Thus, it is assumed that
the major combustion inefficiency is due to incomplete propellant mixing.
This assumption is supported by the performance data trends with mixture
ratio. Also, the thermal data indicate a cold wall in the near injector
region which is probably due to an oxidizer-rich zone.

A simplified mixing model was formulated to further understand the perfor-
mance data. The procedure used was as follows.

First, a mixing efficiency, Ey, was derived from the uncooled test data.
This EM defined the two stream tube mixture ratios and mass fractions which
would yield the measured performance. Next the fuel film-coolant flow was
added to the oxidizer-rich (outer) stream tube and performance was recalcul-
ated. A comparison of this performance modeling with the measured perfor-
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E, Tasks II and IV Subscale Injector Characterization (cont.)

mance is shown on Figure 128. The predictions show fair agreement with the
test data. Tests 165 and 166 showed the largest predictive errors, approxi-
mately 2 seconds, and were at the highest and lowest mixture ratios tested,
respectively (2.07 and 1.16 with film-coolant). The Ey values needed to
match the test data for the uncooled tests were in the range of 0.64 to 0.68,
except for the 2.07 mixture ratio test (Test No. 165) which appeared to
exhibit complete mixing, i.e., Ey = 1.0. For the film-cooled tests, in
addition to the core and barrier stream tubes, a core mixing loss equivalent
to an Ey of 0.85 was assumed. An increase in this core Ey would increase

the predicted Isp for the cooled tests and decrease the slight bias of the
prediction evident on the figure.

The test data are plotted on Figure 129 in terms of percent of One-
Dimensional Equilibrium (ODE) specific impulse. These data show an increase
in % Isp with increasing mixture ratio for the non film-cooled portion of the
tests, probably due to better propellant mixing with increasing momentum
ratio. The film-cooled performance data show a Tow efficiency of 92.8% at a
mixture ratio of approximately 1.40 to 1.50 and a higher value of 96.7% at a
mixture ratio of 2.07. The data displayed on Figure 130 use the percent com-
bustion efficiency as the dependent parameter, where the combustion effic-
iency is defined as the specific impulse efficiency divided by the boundary
layer, divergence and kinetic efficiencies. The combustion efficiencies are
thus the geometric sum of the core mixing and vaporization efficiency (the
energy release efficiency) and the mixing efficiency of the coolant and core
stream tubes (the cooling efficiency). The combustion efficiency data show
the same basic trends as the % Isp data of the previous figure. The major
difference between the two figures is a result of a variation in the pre-
dicted kinetic loss with mixture ratio, which is implicit in Fiqure 130.

The experimental combustion efficiencies were 94% to 100% for the tests
without film-cooling and 95% to 100% for the film-cooled tests,

g. Test Series VII - GOX/Ethanol, Ethanol Film-Cooling, 8.7-in. Water
Cooled Calorimeter Chamber, Swirler Fuel and Doublet GOX Injector

(1) Test Objectives

The Task III (Ref. 1) engine system study identified the gaseous oxygen (GOX)
and liquid ethanol propellant combination as being most desirable for use in
a pulsing type reaction control engine (RCE) because it eliminated the need
for maintaining cryogenic liquid-phase oxygen at the valves of the numerous
RCE thrusters in the Space Shuttle. The selected flight system flow sche-
matic is shown in Figure 131.

The objective of this test series was to experimentally investigate potential
combustion and heat transfer problems associated with the use of GOX/ethanol
propellants and to quantify the attainable specific impulse.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

The investigation of the effects of propellant supply témperature (-130°F to
+70°F), chamber pressure (100 to 300 psia), film-coolant flow, and mixture
ratio were included in this test series.

(2) Test Facility

The test facility employed to supply the GOX/ethanol propellants at those
conditions is shown schematically in Figure 132 and photographically in
Figure 133.

In the test system, oxygen is supplied from high pressure cylinders. A
pebble bed heat exchanger is used to temperature-condition the oxygen deliv-
ered to the engine. It is positioned between the pressure-regulated oxygen
supply and NBS-calibrated sonic flow control nozzle. When cold oxygen is
required, the heat exchanger is precooled to the desired temperature by cir-
culating a gas/liquid blend of nitrogen through the massive bed. The bed is
vacuum-pumped and purged with GOp to remove the nitrogen prior to the test,
The fuel is cooled by circulating the gas/liquid blend of nitrogen through a
tube-and-shell heat exchanger until the desired liquid temperature is
reached. The double-wall propellant lines are also temperature-conditioned
by use of the nitrogen. Propellant is circulated or bled prior to each test
to insure that the temperature conditions at the thrust chamber valves are
the same as in the heat exchanger.

(3) Test Hardware

The engine components employed in this test series included the swirler
fuel/doublet oxidizer platelet injector (Figures 134 and 135), water-cooled
chamber, and fuel film-cooling injector. The injector is a 45 element OF0
preatomized triplet type incorporating a pattern having a central fuel vortex
and two EDM oxidizer orifices which form a doublet, having an impingement
point on the axis of the swirler. The chamber length to the throat is 8.7
inch,

(4) Cold-Flow

Pattern cold-flow check of the injector shown in Figure 135 was accomplished
using water to simulate the fuel and GNy to simulate the GOX. The test
conditions, flowrates, and supply pressures, exhausting to atmosphere, are
listed in Table XIX. Figure 136 shows a typical spray pattern of the fuel
swirler. This excellent level of atomization was attained with only 15 psi
pressure drop. Figure 136 also shows combined fuel and oxidizer simulant
flow at conditions which are closer to normal operation.

(5) Test Summary
Hot fire testing of gaseous oxygen/ethanol was initiated on 16 December 1982.

Analysis of the fuel prior to this test series indicated a water content of
0.08%.
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0 TABLE XIX
COLD FLOW TEST RESULTS

Fuel Circuit - Water Flow

Valve In]et. Manifold 5 Flow,
Data Pt Pressure, psig Pressure, psig H20 1b/sec mean. Kw]ine
1 276 262 1.70 .105 .102
2 200 192 1.45 .105 .103
o 3 160 155 1.28 .103 .101
4 100 95 . 1.00 .103 .100
- 5 14 - .34 - .094
Oxidizer Circuit - GN2 Flow (Assumed Temperature 530°R)
NBS Venturi Oxidizer Manifold  @Np Flow, td 2
Data Pt Inlet Pressure, psia Pressure, psia 1b/sec (in.%)
1 280 130 .67 .229*
2 140 60 .34 . 250%
B 3 155 70 .365 .230%
' 4 40 20 .09 L222%%

*Sonic Flow
**Subsonic Flow
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Figure 136. GOX/Ethanol Injector Cold Flow
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E, Tasks II and IV Subscale Injector Characterization (cont.)

The series was designated as RLB6-988 starting with Test 101, Tests 101
through 111 were accomplished with propellant temperatures near the projected
upper limits of operation approximately 50°F. Tests 141 through 142 utilized
propellants near the lower temperature limits (approximately -130°F). The
nominal test duration except for checkout and aborts was 15 seconds with fuel
film-cooling plus 5 additional seconds of operation with the valve to the
film-cooling injector closed. Tables XX and XXI summarize the conditions for
the 13 tests conducted and the performance and heat flux measurements,

Test 101 was a checkout of 1.3 sec duration at a nominal pressure of 300 psia
and MR of 1.7. The ignition sequence was smooth and nominal. The engine was
stable, and desired flow conditions were achieved.

Test 102 was 20 seconds duration with the first 15 seconds providing approxi-
mately 21% fuel film cooling and the last 5 seconds providing 0% fuel film-
cooling.

Test 103 was to be a high MR, low pressure test (2.4, at 150 psia) but was
aborted, after normal start, at 1.5 seconds the abort was due to the faulty
setting of a kill parameter.

Test 104 repeated Test 103 conditions for the full duration of 20 seconds.
Inspection of the injector and chamber after each test showed no carbon on
either component and no heat-marking on the injector.

Test 105 was the first test on 17 December, with a duration of 1.5 seconds
and chamber pressure of 300 psia. Testing was terminated after a normal
ignition due to a faulty kill parameter.

Test 106 was a repeat of test 105 for the full duration of 20 seconds. The
mixture ratio in this test started at the planned high end (2.4) but decayed
throughout the test due to a fall-off in pressure at the flow control venturi
inlet. The drop in pressure was due to low oxidizer cascade pressure aggra-
vated by the internal propellant temperature decay due to the high blowdown
rate from the gas bottles. No hardware damage was noted. A chamber oxida-
tion pattern matching the six manifold down-comers (see Figure 20) was noted
following this test.

Test 107 was a nominal 20 second duration test at 150 psia and MR of 1.7.

Test 108 was normal at 20 seconds but at a fuel- rich MR of 1.3. Data for
Tilm cooling flows of 20% and 0% were attained in both of the above tests.

Test 109 was a repeat of Test 107 with the film cooling flow set at 10%.

This test was manually terminated at 6.5 seconds in order to avoid risk to
the injector due to low fuel coolant flow resulting from the combination of
low pressure and low coolant flow fraction. No hardware damage or overheating
was observed on postfire inspections.
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Test
No.

|RLB6988-
©101
102

103
104

105
106

107

108

109
11

Date

Data
Summary
sec

12/16/83

12/17/83

1.2-1.38
5.3-5.8
10.3-10.8
18.8-20.8
1.2-1.38
5.3-5.8
10.3-10.8
18.8-20.8
1.2-1.38
1.3-1.8
5.3-5.8
10.3-10.8
18.8-70.8
5.3-5.8
10.3-10.8
18.8-20.8
5.3-5.8
10.3-10.8
18.8-20.8
5.3-5.8
5.3-5.8
10.3-10.8
18.8-20.8

oj
psia

293.2
300.9
299.9
287.8
147.5
155.7
155.5
147.9
299.2
300.0
288.4
275.2
251.7
148.8
148.4
143.3
143.4
143.4
140.4
145.8

90.3

90.3

85.5

MR
Eng

1.32
1.39
1.40
1.68
2.10
1.85
1.89
2.31
1.99
1.94
1.76
1.58
1.64
1.30
1.31
1.58
1.02
1.03
1.26
1.46
1.64
1.64
2.14

MR
Core

1.66
1.74
1.76
1.68
2.72
2.36
2.41
2.31
2.49
2.44
2.20
1.98
1.64
1.61
1.63
1.58
1.27
1.29
1.25
1.63
2.26
2.26
2.25

TABLE XX

GOX/ETHANOL PERFORMANCE DATA SUMMARY

WO wer
1b/sec 1b/sec % FFC
2.291 1.728 20.5
2.395 1.719 20.3
2.389 1,702 20.4
2.378 1.414 0.0
1.400 .664 22.6
1.413 .761 21.6
1.415 .748 21.8
1.417 .612 0.0
2.707 1.360 20.1
2.686 1.379 20.2
2.485 1.410 20.2
2.283 1.443 20.2
2.057 1.248 0.0
1.177 .903 19.5
1.177 .895 19.5
1.178 .741 0.0
1.053 1.026 19.7
1.056 1.017 19.7
1.061 .842 0.0
1.166 .797 10.8
.768 .466 27.3
.769 .466 27.1
.768 .358 0.0
) 1

Pod Ps

psia  psia
431.9
450.5
447.7
440.7
251.4
256.6
257.0
253.4
490.5
488.2
456.3
424.3
384.9
228.7
228.6
222.3
207.3
207.5
206.5
221.9
143.6
143.6
141.4

513.9
514.7
511.3
518.7
192.8
208.3
207.3
206.6
435.4
440.3
435.2
428.0
431.7
209.0
207.6
206.4
221.2
219.8
221.5
202.0
121.1
120.9
120.2

Prac
psia

414.8
418.2
415.8
290.7
174.1
186.2
185.4
154.8
375.6
378.5
370.2
360.3
255.9
184.2
183.3
151.3
188.6
187.9
148.4
155.2
108.5
108.5

95.8

Fyac

1bF

870.7
903.0
898.6
861.6
413.1
444.6
444.3
421.3
896.3
900.1
868.6
824.9
751.4
418.4
417.7
403.7
399.1
399.6
392.1
404.2
224.6
225.5
212.2

od

49,3
43.3
42.1
41.0
48.2
45.7
4.8
43.8
49,8
46.7
43.1
43.2
43.6
49.6
48.9
48.0
50.8
50.2
45.3
49,9
51.9
51.3
50.5

Tes

56.9
53.5
52.6
52.7
55.3
53.5
53.3
51.8
56.9
56.0
55.4
54.4
54.1
54.8
54.4
53.7
54.4
54.2
53.9
54.6
54.8
54.3
54.2

c*
lid3

5314
5328
5340
5530
5206
5217
5238
5310
5360
5375
5393
5382
5549
5212
5219
5437
5025
5038
5374
5409
5329
5328
5529

Pupc
sec _f
232.0 .103
234.7  .104
234.9  .104
243.7  .104
230.3 .085
233.1  .092
234.2  .091
238.3  .089
235.8  .104
236.8 .104
239.0 .104
238.2  .104
246.2  .104
231.4 104
232.0  .104
243.1 104
222.4  .104
223.3  .104
239.3  .104
237.8  .106
233.1 .068
233.6  .068
244.2  .065
)

.708
.695
.698
.685
.636
.648
.647
.635
.653
.653
.666
.681
.683
.681
.680
.668
.698
.697

.689
.676
.654
.654
.639



gLe

| ! J | ! ! } ! I ! } ! | }
TABLE XXI
GOX/ETHANOL THERMAL DATA
Total
. AT " reat Fie R Ay .sz c D D D &
Test Time  psia _c MR 1b/sec % FFC R 3 Btu/sec in. 1 1 2 3 Btu/sec
102 10 299.7 1.76 1.39 4.07 20.3 3.18 1.89 2.63 2.78 2.74 5.51 9.99 6.08 4.43 277
20 288.0 1.68  1.67 3.78 0 4.25 2.92 3.67 3.58 3.72 6.49 12.36 8.26  5.86 358
104 15 155.4 2.42 1.92 2.16 21.8 2.09 1.16 1.59 1.90 2.05 3.29 4.91 4.18 3.40 195
20 148.0 2.32 2.32 2.04 0 2.70 1.84 2.25 2.41 2.70 3.96 5.59 4.86 4.09 247
106 5 289.9 2,20 1.79 3.92 20.2 3.31 1.90 2,70 2.99 3.08 5.90 11.50 7.17 5.15 301
10 276.2 1.98 1.58 3. 20.2 3.11 1.86 2.54 2.74 2.86 5.51 10.53 6.51 4.80 279
15 267.4 1.7 1.45 3.61 20.2 3.07 1.77 2.39 2.62 2.69 5.22 9.77 5.98 4.39 262
20 251.5 1.65 1.62 3.28 0 3.91 2.50 3.10 3.19 3.27 5.72  10.95 7.23 5.16 320
107 10 148.5 1.62 1.31 2.07 19.5 1.84 1.05 1.34 1.56 1.60 2.69 3.89 2.9 2.38 141
20 143.3 1.59 1.59 1.92 0 2.36 1.53 1.79 1.91 2.04 3.03 4.63 3.88 3.02 181
108 10 143.5 1.29 1.05 2.08 19.7 1.73 .864 1.11 1.27 1.31 2.41 3.25 2.01 1.73 123
20 140.3 1.26 1.27 1.91 0 2.17 1.17 1.51 1.63 1.61 2,69 3.89 2.83 2.22 156
109 6 145.8 1.64 1.47 1.97 10.8 2.02 1.22 1.48 1.70 1.77 2.75 4.00 3.17 2.56 156
1 10 90.5 2.26 1.69 1.24 27.1 1.15 .681 977 1.0z 1.27 2.09 2.58 1.93 1.71 94
20 85.2 2,25 2.18 1.14 0 1.91 1.31 1.58 1.66 1.93 2.78 3.23 2.31 2.02 145
141 11 281 1.6 3.85 16 2.99 1.89 1.76 2.18 2.10 3.92 5.46 3.60 2.65 261
20 3.67 0 3.60 2.35 2.18 2.38 2.46 4.31 6.97 4.82 3.39
142 14 145 1.84 1.86 14 2.18 1.30 1.37 1.49 1.61 2,81 3.44 2.17 1.58 155
25 "~ 1.78 0 240 1.64 1.71 1.59 1.85 3.04 3.68 2.59 1.9 170



E, Tasks II and IV Subscale Injector Characterization (cont.)

Test 110 was a low pressure chug stability test (100 psia). Testing was
aborted by a programming error for a low Pc kill.

Test 111 was a repeat test for the planned 20 seconds. A low cycle (1 to 2
Hz) oscillation of the exhaust plume was noted on the TV camera during this
test. This appeared to be due to the hydraulic characteristics of the fuel
feed system. The ringing amplitude was decaying with time during the first
15 sec; it then increased when the fuel film-cooling valve was closed at 15
seconds.

The chamber was removed following Test 111. All hardware was found to be in
good condition at the conclusion of the testing with ambient temperature pro-
pellants.

Following Test 111, the injector and film cooling injector were utilized in
the conduct of 30 tests of approximately 5 seconds each. A 4.75 in. L' heat
sink copper chamber was tested with ambient temperature and cold propellants,
as a part of Contract NAS 9-16639, LOX/Hydrocarbon Propellant Ignition
Studies.

Test 141 was a resumption of testing with the water cooled 8.7 in. L' chamber
with cold propellants. The test duration was 12 seconds with 15.5% fuel
film-cooling plus an additional 7 seconds without fiim-cooling. The chamber
pressure was 280 psia and core mixture ratio 1.6. The propellant tempera-
tures in the injector manifold were oxidizer = -155°F and fuel = -115°F, The
engine was stable throughout the test.

Posttest chamber inspection revealed a bulge in the copper liner at the
interface between cooling circuit R and cooling circuit A-3. The chamber
also had water in the bottom. A pressure check of the chamber cooling cir-
cuits, at approximately 500 psi, revealed no water leakage into the chamber;
however, the coolant flow data from Test 141 indicated water transfer from
A-3 to R. A decision was made to continue testing at reduced pressure since
valid performance and down stream thermal data could be expected.

Test 142 was a 25 second long test (15 seconds with 14% FFC, 10 seconds with-
out coolant) at a pressure of 140 psia and a core MR of 1.6. The oxidizer
temperature Tod was -150°F and the fuel ToJ was ~120°F. The engine ran
stably at both test conditions.

Testing was terminated following this test because the copper liner separa-
tion had become significantly greater. Figure 136A provides a photograph of
the chamber and injector following Test 142, An intercoolant channel leak
check between the throat station (D-1) and the two adjacent cooling circuits
D-2 and C-1 was conducted at a pressure differential of 225 psi. A leak rate
of 3% of the water flow between D-1 and D-2 was noted. A 3% coolant leakage
means that the throat heat flux could be overstated in the data reduction by
up to 3% while the D-2 flux could be up to 3% higher than computed. A 3%
deviation in this type of measurement is not considered significant.
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E, Tasks II and IV Subscale Injector Characterization (cont.)

Figures 137 through 148 provide the measured heat flux versus time data for
all tests in this series.

(6) Thermal Data Presentation

Figure 149 provides a cross plot of Test 102 data at two time periods; one at
12 seconds with 20.5% film-coolant and the second at 20 seconds with no
film-coolant. In contrast to previous injectors, the addition of film-
coolant reduces the chamber heat flux along the entire chamber length. The
higher front end heat flux and then drop is probably due to recirculation of
the hot combustor gas induced by the high OF0 GOX injector velocity. An
inward flow of air across the injector face was noted during the injector
cold flow experiments shown in Figure 136. The drop in heat flux at 2 inches
corresponds to the approximate region where the fuel swirler could be expec-
ted to impinge on the chamber wall.

Figure 150 displays the sensitivity of heat flux to both chamber pressure and
mixture ratio from the time slices without film-cooling. The low throat heat
flux at low pressure corresponds to the relaminarized condition predicted in
the ALRC model. The increase in heat flux with increasing mixture ratio
matches the predictions and suggests a well mixed combustion process, i.e.,
no blowapart.

Figure 151 shows the influence of film-cooling on heat flux at a selected
pressure 145 psia and mixture ratio 1.6. The addition of 10.8 and 19.5%
fuel, as coolant, reduces the heat flux along the entire length of the
chamber by a small amount, This further indicates a well behaved combustion
process and is in contrast to the dramatic flux reduction experienced with
propane, and the rise with LOX/ethanol,.

Figure 152 displays the influence of cold propellants on the heat flux pro-
files. Most significant is the reduction in throat heat flux. The reduction
could be a result of the expected poor fuel vaporization and the impact of
residual liquid fuel on the convergent nozzle. The possibility of a water
leak in the chamber, however, cannot be ruled out. Since similar flux reduc-
tions were noted in testing with the 4.75 in. heat sink chamber, the effect
is believed to be real.

(7) GOX/Ethanol Performance Data

The hot-fire test data from the GOp/ethanol testing (Tables XXII, XXIII and
Figure 153) indicated the following trends of engine performance.

Ambient Propellant Temperature Tests

8.7 Inch Chamber Length

©  Combustion efficiencies in the range of 98.5-100% are indicated with the
GOX/ethanol injector when fired without fuel film-cooling.
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